Molecular epidemiology of vibrio pathogens in selected surface waters and treated final effluents of wastewater treatment plants in Chris Hani District Municipality in the Eastern Cape Province, South Africa by Ayodeji, Onsula Charles
  
 
 
MOLECULAR EPIDEMIOLOGY OF VIBRIO PATHOGENS IN SELECTED SURFACE 
WATERS AND TREATED FINAL EFFLUENTS OF WASTEWATER TREATMENT 
PLANTS IN CHRIS HANI DISTRICT MUNICIPALITY IN THE EASTERN CAPE 
PROVINCE, SOUTH AFRICA 
 
OSUNLA CHARLES AYODEJI 
 
DEPARTMENT OF BIOCHEMISTRY AND MICROBIOLOGY 
FACULTY OF SCIENCE AND AGRICULTURE 
UNIVERSITY OF FORT HARE 
ALICE 5700, SOUTH AFRICA 
 
April 2018 
MOLECULAR EPIDEMIOLOGY OF VIBRIO PATHOGENS IN SELECTED SURFACE 
WATERS AND TREATED FINAL EFFLUENTS OF WASTEWATER TREATMENT 
PLANTS IN CHRIS HANI DISTRICT MUNICIPALITY IN THE EASTERN CAPE 
PROVINCE, SOUTH AFRICA 
BY 
 
AYODEJI CHARLES, OSUNLA 
(Student #201508697) 
 
A THESIS SUBMITTED IN FULFILMENT OF THE REQUIREMENTS FOR THE 
DEGREE OF DOCTOR OF PHILOSOPHY 
(MICROBIOLOGY) 
 
DEPARTMENT OF BIOCHEMISTRY AND MICROBIOLOGY 
FACULTY OF SCIENCE AND AGRICULTURE 
UNIVERSITY OF FORT HARE 
ALICE 5700 
SOUTH AFRICA 
 
SUPERVISOR: PROF A.I. OKOH 
April 2018 
ii 
 
DECLARATION 
I, the undersigned, declare that this thesis entitled “Molecular epidemiology of Vibrio pathogens 
in selected surface waters and treated final effluents of wastewater treatment plants in Chris Hani 
District Municipality in the Eastern Cape Province, South Africa” submitted to the University of 
Fort Hare for the degree of Doctor of Philosophy in Microbiology in the Faculty of Science and 
Agriculture, School of Biological and Environmental Sciences. The work contained herein is my 
original work with exemption to the citations and that the work has not been submitted to any 
other University in partial or entirely for the award of any degree or examination purposes. 
 
 
Name: Osunla  Ayodeji Charles  
Signature: …………......... 
Date: ………………. 
 
 
 
 
 
 
iii 
 
DECLARATION OF PLAGIARISM 
I, Osunla Ayodeji Charles, student number: 201508697 hereby declare that I am fully aware of 
the University of Fort Hare’s policy on plagiarism and I have taken every precaution to comply 
with the regulations. 
 
 
Signature……………………..     Date ………………………… 
 
 
 
 
 
 
 
 
 
 
 
iv 
 
CERTIFICATION 
This thesis titled “Molecular epidemiology of Vibrio pathogens in selected surface waters and 
treated final effluents of wastewater treatment plants in Chris Hani District Municipality in the 
Eastern Cape Province, South Africa” meets the regulation governing the award of degree of 
Doctor of Philosophy of the University of Fort Hare and is approved for its contribution to 
scientific knowledge and literary presentation. 
 
 
 
 
…………………………………             . ………………… 
    Prof A.I. Okoh (Supervisor)         Date 
 
 
 
 
 
 
v 
 
DEDICATION 
This work is dedicated to God, my Alfa and Omega. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
vi 
 
ACKNOWLEDGEMENTS 
First and foremost, I would like to acknowledge God Almighty for His constant source of 
strength, wisdom, guidance, inspiration and immeasurable blessings, without Him this would not 
have been possible. I would like to express my profound gratitude to my supervisor, Prof A.I. 
Okoh for providing me with an opportunity to join and work in his prestigious, dynamic and 
renowned research group, Applied and Environmental Microbiology Research Group 
(AEMREG), and for enabling access to his research laboratory and facilities. Without your 
unalloyed support and unparalleled supervision, this great feat would not have been attained. 
Your guidance has helped me throughout the period of my research and write-up. I wish I could 
express my heartfelt thankfulness beyond what pen could write and what mouth could say. In it 
all, I owe him my eternal gratitude. I appreciate Prof. Nwodo, Dr Ben Iweriebor and Dr Ezekiel 
Green for the assistance. May you be assisted by the Almighty. 
Similarly, I remain grateful and thankful to my parents my parents, Mr and Mrs, Adeyemi 
Osunla, for their parental role, prayers, moral and financial support all the way. Special thanks to 
my wife, Adebukola for holding fort while I was away from home in pursuit of this degree; and 
my sons, Daniel Olukorede, Osunla for living is babyhood in absence of their father. You all 
deserve an honorary degree. I would like to thank all my siblings and my in-law (Daddy and 
mummy Akinyede) for the valued assistance they provided throughout my academic pursuit. 
Furthermore, I would like to express my immeasurable appreciation and deepest gratitude to all 
my colleagues in the research group who have, in one way or another contributed in making this 
study a success. My sincere thanks go to my fellow Cholera Sub-group lab-mates, Taiwo, Tayo, 
Onele, Allisen and Nolo for their stimulating discussions, sleepless nights in the laboratory, and 
vii 
 
for all the fun we have had in the last three years. Also, I thank my friends; Falowo Bamidele, 
Afolabi Kayode, Dr Yinka Titilawo, Falade Ayodeji Osmund, Nolwazi Bhembe, John Onuofin, 
Ekundayo Cyrus, Olasehinde Tosin, Adewoyin Mary, Adelabu Samuel and all friends and 
colleagues from Adekunle Ajasin University, Akungba-Akoko (AAUA), Ondo State, Nigeria 
who are too numerous to mention here. I wish to extend my deep gratitude to AAUA, Nigeria for 
releasing me to pursue my studies. My appreciation also goes to all members of Deeper Life 
Bible Church, Alice campus for their constant prayers and encouragement. In conclusion, I 
recognize that this research would not have been possible without the financial assistance of 
Water Research Commission (WRC), South Africa Medical Research Council (SAMRC), and 
Govan Mbeki Research and Development Centre (GMRDC) of the University of Fort Hare. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
viii 
 
 
LIST OF ACRONYMS 
AEMREG Applied and Environmental Microbiology Research Group 
AMR Antimicrobial resistance  
APW Alkaline peptone water 
ARGs Antibiotic resistance genes 
BOD Biological oxygen demand 
CDC Centres for Disease control 
CLSI Clinical and Laboratory Standards Institute 
CT Cholera toxin 
CTX Cholera causing toxin phage 
DNA Deoxyribonucleic acid 
DO Dissolved oxygen 
EC Electrical conductivities 
GIS Geographical information system  
GPS Global positioning system 
HGT Horizontal gene transfer 
ICE Integrative conjugating elements 
LGT Lateral gene transfer 
MARI Multiple antibiotic resistance index 
MARP Multiple antibiotic resistance phenotypes 
ix 
 
MGEs Mobile genetic elements 
MHA Mueller hinton agar 
PCR Polymerase chain reaction 
RWQO Receiving water quality objectives 
SXT Self-transmissible chromosomally integrating SXT elements 
TCBS Thiosulfate citrate bile salt agar 
TCP Toxin coregulated pili 
TDH Thermostable direct haemolysin 
TDS Total dissolved solids 
TLH Thermolabile haemolysin 
TSS Total suspended solids 
UNICEF The United Nations Children’s fund 
VBNC Viable but non-culturable 
WASH Water Sanitation and hygiene 
WWTPs Wastewater treatment plants 
 
 
 
 
 
x 
 
TABLE OF CONTENTS 
Content                      Page № 
Title page            i 
Declaration           ii 
Declaration on plagiarism          iii 
Certification            iv 
Dedication            v 
Acknowledgements           vi 
List of acronyms           viii 
Table of contents           ix 
List of tables           xiv 
List of figures           xvii 
General abstract           xix 
Chapter One           1 
1.1 Introduction          1 
2.0 Statement of research problem        7 
3.0 Hypothesis          8 
xi 
 
4.0 Aim           8 
5.0 Specific objectives         8 
Chapter Two           9 
Abstract           10 
2.1 Introduction          11 
2.2 Vibrio Species          14 
2.3 Ecology of Vibrio Species        19 
2.4 Pathogenicity of Vibrio Species        23 
2.5 Epidemiological Features of Vibrio Species      27 
2.6 Treatment and Antibiotic Resistance of Vibrio Species     34 
2.7 Mechanism of Antibiotics Resistance in Vibrio Species Infection   38 
2.8 Strategic Recommendations for High-Risk Cholera Outbreak Areas   42 
2.9 Conclusions          43 
Chapter Three           45 
Materials and methods         45 
3.1 Description of study areas        45 
3.1.1 The WW-CR Sewage treatment plant works      45 
3.1.2 The WW-AD Sewage treatment plant works      45 
xii 
 
3.1.3 Tsomo River          46 
3.1.4 Great Fish River         48 
3.2 Sample collection          50 
3.3 Determination of physicochemical properties      50 
3.4 Bacteriological analysis of water samples      52 
3.4.1 Preservation of presumptive isolates        52 
3.5 Control Isolates          52 
3.6 Molecular confirmation of the presumptive Vibrio species    54 
3.7 Antibiotic susceptibility test        56 
3.8 Statistical methods         57 
Chapter Four           58 
Results           58 
4.1 Physicochemical qualities of the surface waters and treated effluents   58 
4.2 Vibrio species distribution        61 
4.3 Correlation of Vibrio density and physicochemical parameters in surface waters  68 
and treated effluents. 
4.4 Molecular confirmation of Vibrio species      71  
4.5 Antibiotic susceptibility test        76 
xiii 
 
4.6 Multiple antibiotic resistance phenotypes and indices (MARP and MARI)  81 
Chapter Five           99 
Discussion           99 
5.2 Conclusion          111 
5.3 Recommendation          112 
References           113 
 
 
 
 
 
 
 
 
 
 
 
xiv 
 
LIST OF TABLES 
Table 2.1 Some diseases conditions initiated by pathogenic Vibrio species.   16 
Table 2.2 Biochemical characterization of some Vibrio species    18 
Table 2.3 Some proteolytic enzymes produced by pathogenic Vibrio species.  
Adapted from (Zhang and Austin, 2005; Miyoshi, 2013).        24 
Table 2.4 Epidemiological updates of cholera outbreaks from 10 selected countries in  
Sub-Saharan Countries between 1994 and 2016. Adapted from (UNICEF, 2016).   30 
Table 2.5 Selected drug-resistant Vibrio species strains reported in Sub-Saharan  
Africa. Adapted from (Kitaoka et al., 2011) with slight modification.       40 
Table 3.1: List of reference organisms and reference number.    53 
Table 3.2:  Sets of primers used for identification of the presumptive Vibrio species  55 
Table 4.1: Seasonal physicochemical properties and Vibrio densities of  
Great Fish River          62 
Table 4.2: Seasonal physicochemical properties and Vibrio densities of Tsomo river 64 
TABLE 4.3: Seasonal physicochemical properties and Vibrio densities of  
WW-AD and WW-CR WWTPs        66 
TABLE 4.4: Seasonal physicochemical properties and Vibrio densities of  
xv 
 
WW-AD and WW-CR WWTPs continues       67 
Table 4.5   Correlation between Vibrio density and physicochemical parameters in  69 
WW-CR and WW-AD WWTPs. 
Table 4.6  Correlation analysis output for Vibrio density and physicochemical   70 
parameter of  Great Fish  and  Tsomo  river. 
Table 4.7  Relative abundance of the Vibrio genus and four key Vibrio species  
in the WWTPs effluents and River samples.       72 
Table 4.8  Profiles of multiple antibiotic resistance phenotypes (MARPs)  
of  Vibrio pathogens from Tsomo River.       85 
Table 4.9  Profiles of multiple antibiotic resistance phenotypes (MARPs) of  
Vibrio pathogens  from Tsomo River continues      87 
Table 4.10 Profiles of multiple antibiotic resistance phenotypes (MARPs) of  
Vibrio pathogens  from Great Fish  River       89 
Table 4.11 Profiles of multiple antibiotic resistance phenotypes (MARPs) of  
 Vibrio pathogens from Great Fish  River continues      91 
Table 4.12 Profiles of multiple antibiotic resistance phenotypes (MARPs) of  
Vibrio pathogens from WW- ADE and WW-CR WWTPs  upstream   93 
xvi 
 
Table 4.13 Profiles of multiple antibiotic resistance phenotypes (MARPs) of   
Vibrio pathogens from WW- ADE and  WW-CR WWTPs effluent     95 
Table 4.14 Profiles of multiple antibiotic resistance phenotypes (MARPs) of   
Vibrio pathogens from WW- ADE and  WW-CR WWTPs downstream     97 
 
 
 
 
 
 
 
 
 
 
 
 
 
xvii 
 
LIST OF FIGURES 
Figure 3.1: Tsomo river study area and sampling sites.       47 
Figure 3.2: Great Fish river study area and sampling sites     49 
Figure 4.1: PCR products of the amplification 16S rRNA for Vibrio genus.  L:   73  
molecular weight marker (100 bp); NC: negative control; lanes 1-10: positive isolates.   
Figure 4.2 : PCR products of the amplification ompW gene for V. cholerae L:  73 
molecular weight marker (100 bp); PC: NC: negative control; lanes 1to11:  
positive isolates.   
Figure 4.3: PCR products of the amplification flaE gene for V. parahaemolyticus  L:  
molecular weight marker (100 bp); PC: positive control (DSM 10027 ̶ V.  
parahaemolyticus); NC: negative control; lanes 1to 5: positive isolates.     74 
Figure 4.4: PCR products of the amplification vhm gene for V. mimicus 
L: molecular weight marker (100 bp); PC: positive control  
(DSM 19130 ̶ V. mimicus); NC: negative control; lanes 1 to12: positive isolates.  74 
Figure 4.5: PCR products of the amplification toxR gene for V. fluvialis L:  
molecular weight marker (100 bp); PC: positive control (DSM 19283 V. fluvialis);  
NC: negative control; lanes 1-5: positive isolates.      75 
Figure 4.6: Antimicrobial resistance profiles of confirmed Vibrio species from 
 Tsomo River.            77 
Figure 4.7: Antimicrobial resistance profiles of confirmed Vibrio species from  
Great Fish River          78 
Figure 4.8: Antimicrobial resistance profiles of confirmed Vibrio species from  
WW-AD WWTP.          79 
xviii 
 
Figure 4.9: Antimicrobial resistance profiles of confirmed Vibrio species from  
WW-CR WWTP.            80 
Figure 4.10:  Frequency pattern of multiple antibiotic resistance phenotypes of  
Vibrio pathogens from Tsomo River.        82 
Figure 4.11:  Frequency pattern of multiple antibiotic resistance phenotypes of  
Vibrio pathogens from Great Fish River.       83 
Figure 4.12:  Frequency pattern of multiple antibiotic resistance phenotypes of  
Vibrio pathogens from WW- ADE and WW-CR WWTPs      84 
 
 
 
 
 
 
 
 
 
 
 
 
xix 
 
Abstract 
Access to clean and safe water is essential for the survival of human beings. Nevertheless 
pollution from wastewater treatment plants (WWTPs) effluents often impacts the 
microbiological qualities of surface waters. Availability of freshwater resources is indispensable 
for preventing waterborne diseases. The current study evaluated the physicochemical properties 
and abundance of Vibrio species in selected rivers and WWTPs in the Eastern Cape Province of 
South Africa, over a one year sampling regime (December, 2016 to November, 2017). Water 
samples were collected monthly at designated locations along the banks of two rivers,  treated 
effluents from 500 m upstream and downstream discharge points of two WWTPs and examined 
for physicochemical qualities, prevalence of Vibrio pathogens and their antibiogram profiles 
using both cultural and molecular techniques. The findings reveal the qualities of Tsomo and 
Great Fish river qualities with respect to electrical conductivity  (EC) (137.75 – 377.69 mg/l), 
total suspended solids  (TSS) (52.00 – 725.19 mg/l)  and temperature (12.7 – 23 oC) and the 
treated effluents of WW-AD and WW-CR WWTPs with respect to EC (525.73 – 1071.89 mg/l), 
free chlorine (0.00 mg/l – 0.68 mg/l), temperature (12.4 – 28.8 oC), TSS (14.67 – 276.44 mg/l) 
exceeds the permissible limits set for effluent discharged to freshwater by South Africa 
guidelines.  Other physicochemical qualities such as turbidity (63.11 – 797.17 NTU), BOD (3.30 
– 5.26 mg/l) and TDS (68.88 – 148.14 mg/l) for Tsomo and Great Fish river and turbidity (20.33 
– 310 NTU), biological oxygen demand (BOD) (1.28 – 4.96 mg/l), and total dissolve solid 
(TDS) (262.89 – 534.89 mg/l)  for WWTPs WW-AD and WW-CR  did not comply with WHO 
and EU standards as no regulation is set for them in the South African guidelines for domestic 
water usage. Statistical analysis revealed that pH, electrical conductivities, dissolved oxygen and 
total dissolved solid were significantly different whereas temperature did not differ significantly 
with respect to the four seasons (P < 0.05). The Vibrio densities for Great Fish river ranged 
xx 
 
between 0 and 3.29 log10 CFU/ml with the highest obtained in the spring. The Tsomo River 
Vibrio densities varied between 0 to 3.56 log10 CFU/ml and the maximum densities recorded 
during summer. The presumptive Vibrio densities in WW-AD and WW-CR WWTPs ranged 
from 0 to 3.67 log10 CFU/ml and 0 to 4.42 log10 CFU/ml with autumn and spring having the 
highest loads respectively. Molecular identification of the presumptive Vibrio species revealed 
424 positive for the Vibrio genus. Of these, 21.69%, 11.79%, 8.25% and 2.12% were confirmed 
as V. cholerae, V. mimicus, V. parahaemolyticus and V. fluvialis respectively. The presence of 
potentially Vibrio pathogens in the rivers and treated effluents suggests potential public health 
threat to the communities relying on receiving watersheds where the effluents are discharged. 
Results of antibiotic sensitivity testing revealed high sensitivities against Ofloxacin (85.54 %), 
Cefuroxime (81.93%), and Ciprofloxacin (74.70%), whereas resistance against other antibiotics 
follow this order: Imipenem (42.17%), Amoxicillin-Clavulanic Acid (54.17%), Ampicillin 
(63.54%), Nitrofurantoin (71.79%) and Polymyxin B (97.44%). Surprisingly, the resistance of 
Vibrio species against the known effective Carbapenems was relatively high (Meropenem 
(38.54%) and Imipenem (58.88%)). Multiple antibiotic resistance phenotypes (MARP) of the 
isolates were resistant to two or more antibiotics whereas the calculated multiple antibiotic 
resistance index (MARI) ranged from 0.2 to 0.7. The observed high multiple antibiotics index 
suggest the recovered Vibrio pathogens are of high antimicrobial usage origin. Increase in 
antimicrobial resistance profiles towards conventionally used antibiotics as indicated in this 
study calls for adequate sanitation facilities and proper surveillance programs towards 
monitoring of antimicrobial resistance determinants in wastewater treatment effluents and 
receiving watersheds. This will in turn enhance early detection of resistant strains of public 
health importance, and supports the prompt notification and investigation of outbreaks. It further 
xxi 
 
advocates the need for constant monitoring programme by the relevant regulatory agencies to 
ensure total compliance of the wastewater treatment facilities to the stipulated standards. 
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CHAPTER ONE 
1.0 Introduction 
Freshwater is considered as one of the major natural resources on our planet and access to 
good quality water is indispensable for leading a healthy life. It is a pre-requisite to the 
realization of all other human rights, since water is life (ECOA, 2012).  Despite the 
importance of freshwater to life as a source of drinking water, sustaining crops through 
irrigation, providing foods in the form of aquatic animals, generating electricity through 
dams and transporting goods by flatboats among others; the heightened threat to the aquatic 
milieus is worrisome (Biggs et al., 2015). Water, being a recyclable resource, demands the 
dire need to carefully manage it at every phase of the hydrologic cycle, from freshwater 
abstraction, pre-treatment, distribution and usage, due to its vulnerability to over 
exploitation and pollution (Cosgrove and Cosgrove, 2012).  
Water quality monitoring is essential in all nations where it is used or generated as a waste 
product, in order to make it fit for human consumption, agriculture and industrial usage, 
among others (Bartram et al., 1996). Furthermore, availability of safe water sources void of 
contaminations and assurance of good maintenance strategies in water supply systems 
against waterborne infections form t-he major basis for wastewater treatment. The necessity 
for safe water calls for removal of pollutants to protect the environment and public health. 
This is achieved by removing substances that require high oxygen demand from the 
wastewater treatment system employing physical, biological and chemical methods in an 
attempt at discharging effluents of acceptable standards into the receiving waterbodies 
(Laboy-Nieves et al., 2010).  
Declining state of freshwater resources in developing countries has become a global issue, 
because of the associated health hazards. South Africa's accessible freshwater resources are 
under intense pressure as a result of teeming population, rapid industrialization, expanding 
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and intensifying food production (Cosgrove and Rijsberman, 2014). The quality of the 
available freshwater is declining as result of destruction of river catchments and wetlands, 
deforestation, damming of rivers, industrialization and unintended water pollution (Nilsson 
and Renöfält, 2008). South Africa is a parched and semi-arid country known to be water 
stressed owing to low volume of rainfall and precipitation. The highly variable and spatial 
distribution of rainfall across the country adds to the sparse availability of fresh water. 
Stream flows in most South African rivers are at relatively low levels for most of the year, 
and the infrequent high flows that occur happen over limited and often unpredictable 
periods. The scarcity of freshwater resources and highly variable hydrological conditions 
led to every major river in South Africa being regulated in order to ensure adequate water 
supply for all and sundry (DWA, 2012). The scarcity of water is compounded by pollution 
of the surface and ground water resources. Rivers play a major role in assimilating or 
carrying of industrial and municipal wastewater, manure discharges and runoff from 
agricultural fields, roadways and streets, which are responsible for pollution of the water 
resources (Yang and Liu, 2010).  
Increased amounts of untreated sewage, combined with agricultural runoff and industrial 
discharge, have degraded water quality and contaminated water resources across the globe 
(UN-Water, 2017). Typical pollutants of South Africa's freshwater environment include 
industrial effluents, domestic and commercial sewage, acid mine drainage, agricultural 
runoff, and litter (DEAT, 2008). Also mining activities have been identified as a major 
source of unregulated wastewater discharge in the Republic of South Africa. Mining waste 
products are known to be neurotoxic or carcinogenic to human beings (lead and mercury) 
and extremely toxic to aquatic animals. Also, food and agro-allied industries discharge 
organic waste with high biological oxygen demands depleting oxygen reserve thereby 
resulting into anoxic conditions in the receiving waterbodies. Preventing this situation 
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requires adequate and enhanced urban wastewater treatment to curtail the injurious effect 
(DEAT, 2006). In low-income areas of developing countries, a large proportion of 
wastewater is discharged directly into the nearby surrounding surface water drains or 
informal drainage channels, with or without treatment. In addition to household effluents 
and domestic wastes, urban-based hospitals and industries such as small-scale mining and 
motor garages, often dump highly toxic chemicals and medical waste into the wastewater 
system (UN-Water, 2017). This practice of discharging inadequately treated or untreated 
wastewater into waterbodies will invariably rise to a point where the pollutants will have 
debilitating effect on the entire aquatic ecosystem. At this point, natural purification 
processes will collapse and result in a serious deterioration of water quality (Abdel-Satar et 
al., 2017).  
To curb this menace, wastewater treatment processes must be evaluated and ensure that 
standards are met before the wastewater is discharged into the environment. In South 
Africa, surface waters have been reported to be receiving inadequately treated wastewaters 
effluent from municipal wastewater treatment plants as a result of poor maintenance and 
operation of wastewater treatment facilities (Mema, 2010; Okoh et al., 2015). This has 
consequently deteriorated the receiving water bodies very rapidly especially in the poorer 
Eastern Cape and Limpopo provinces of South Africa (White and Rasmussen, 1998; Wu, 
2005; DWAF, 2013).  The list of events has made South Africa government to standardize 
effluent quality, general and special effluent standards were made known to all industries to 
comply with, apart from those in custody of exemption permits. Nevertheless, the qualities 
of South Africa’s water resources and wastewater final effluent have continued to worsen 
(DWA, 2012; Eddy, 2003). Many of the rural residents use water from surrounding rivers 
or streams to meet their domestic needs including cooking, washing and bathing (Gwimbi, 
2011). In regions where intervention of free pipe borne water has been provided to soothe 
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their daily demand  (Barnes, 2003), no infrastructure has been scheduled to redirect the 
wastewater to treatment plants for purification, leading to the release of large volumes 
sewage into municipal water bodies, thereby altering their quality (DEAT, 2006).  The 
indiscriminate discharge of wastewater has also far reaching implications for the health of 
aquatic ecosystems, which impends the resilience of biodiversity and the ecosystem 
services on which human wellbeing relies.  A major impact, eutrophication, is a matter of 
global concern affecting the effective functioning of freshwater and marine habitats 
(Greenfacts, 2009).  
Microorganisms are known to play significant role in reducing organic matter in 
wastewater systems which in turn helps in reducing bulky sludge from effluents (Ogundeji 
et al., 2014). However, the detection of microbial pathogens in water sources poses a 
considerable health hazard to the general public. In developing countries, about 250 million 
contract waterborne pathogens annually, resulting in about 10-20 million mortality. This 
could be attributed to high levels of inadequate sanitation and hygiene, poor socioeconomic 
conditions and less public health awareness compared to developed nations (Joshi and 
Amadi, 2013). The risks from microbial pathogens in water suggest the need of monitoring 
them for their relative distribution with regards to seasonal variations in water sources 
(Ramírez-Castillo et al., 2015).  
Microbial pathogens commonly present in freshwaters and wastewaters can be classified 
into four distinct groups. This includes viruses, bacteria, protozoa and helminths. Majority 
of these pathogens are enteric in nature, that is, they are excreted through faecal materials 
which contaminate the environment, and then infiltrate new host through ingestion 
(Ercumen et al., 2017). Wastewater effluent and surrounding freshwater resources such as 
rivers and estuaries have been found to contain high levels of microbial contaminants, 
including disease-causing bacteria such as Vibrio species, Escherichia coli and Listeria 
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species. The potential of these organisms to thrive in conventional wastewater treatment 
procedures could cause major environmental and human health challenges, ensuing from 
the extremely polluted surface waters (Odjadjare and Okoh, 2010). Likewise, previous 
findings have shown that the majority of treatment plants in South Africa have difficulty in 
providing adequate treatment and disinfection. The result is that consumers are at risk of 
waterborne diseases even from available freshwater resources (Mackintosh and Colvin, 
2002).  In 2009, South Africa government under the Department of Water Affairs 
established the Green Drop Report initiative for evaluation of wastewater treatment works. 
It is aimed at monitoring the performances of the treatment plants and further ensure 
adherence to regulations as instruments in attaining effectiveness and efficiency in the 
delivery of sustainable water services across the country (DWAF, 2013).  
South African Water Act (Act 54 of 1956) stated the acceptable standard for effluent 
discharge by wastewater treatment plants into watersheds. Section 21of South African 
Water Act, wastewater treatment plants and sewage works are authorized in discharging 
effluent. Consequently in 1984 the General and Special Standards were published in the 
Government Gazette which clearly states the permissible quality limits for effluents meant 
for discharge to the environment. This was the wholesome effluent normal approach. The 
National Water Act was later reviewed by Act 36 of 1998 and thereafter documented in 
1998. This revised Act espoused the Receiving Water Quality Objectives (RWQO) method 
through the provision of set guidelines of water quality. This approach takes into 
cognizance the impacts on the receiving waterbodies as well as on other water users (Eddy, 
2003; Jimenez and Asano, 2008).  
The South Africa water quality guidelines (DWAF, 1996) list water parameters that require 
monitoring, depending on their intended use and require that these guidelines be observed 
to ensure safe water quality and safeguard public health. Green Drop assessment report of 
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2013 revealed that effluents released by most treatment plants in Eastern Cape Province, 
South Africa were not in compliance with the set standards; categorizing them as high risk 
treatment plants (DWAF, 2013). Hence, continuous monitoring of the working status of 
existing wastewater treatment plants (WWTPs) as well as increasing emphasis on 
environmental and surface water health has formed the basis of establishing the quantity 
and quality of wastewater produced by separate municipalities. Thus, adequate wastewater 
management is one of the major steps towards protecting and ensuring the supply of 
portable water and maintenance of good public health (Naidoo and Olaniran, 2013).  
Vibrio cholerae causes severe diarrhea in humans, also is an autochthonous to riverine and 
estuarine environments and a key natural component of the ecosystems (Osunla and Okoh, 
2017). Several investigations have reported the prevalence of Vibrio pathogen throughout 
the world; in environment and final effluents and its recovery rate is  influenced by season, 
location, sample type, and the analytical methods employed (Ristori et al., 2007; Martinez-
Urtaza et al., 2008). A dozen known species have been estimated to cause disease in 
humans (Austin, 2009), accounting for an estimated 80,000 illnesses, 500 hospitalizations 
and 100 deaths each year in the United States (Scallan et al., 2011). Other vibrios like 
Vibrio alginolyticus, V. cincinnatiensis, V. furnisii, V. harveyi, V. metschnikovii, V. 
carchariae, V. orientalis, Vibrio nereis and Vibrio costicola have occasionally been 
reported as causes of human infections (Chatterjee and Haldar, 2012; Kokashvili et al., 
2015). This study therefore is aimed at monitoring of microbial quality of surface water and 
treated effluent in Chris Hani District Municipality as an important tool in public health 
protection. 
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2.0 Justification of the Study 
Over the years, studies have shown that majority of wastewater treatment plants in South 
Africa have exercised poor removal of pathogens from effluents. The existing treatment 
regulation and guidelines that mostly employing established indicator organisms as a 
standard for monitoring drinking water and wastewater treatment processes have proven to 
be unreliable (Eze et al., 2009). This is of great public concern considering that an 
estimated 77 % of South Africans living in rural areas depend solely on surface waters for 
their domestic water needs (Luyt et al., 2012). The Green Drop report for 2013 indicates 
that municipal wastewater treatment facilities in the Eastern Cape Province fall short of the 
set allowable standard (DWAF, 2013).  In South Africa, the incapability of most 
wastewater treatment plants to produce effluents of a high microbiological standard is a 
matter of concern in terms of water resource pollution. However, previous investigation has 
shown that most wastewater treatment plants in the Eastern Cape, South Africa, still 
discharge inadequately treated effluents into receiving waterbodies (Adefisoye and Okoh, 
2017). In addition, there has been a report of the incidence of Vibrio pathogen in 
wastewater effluent in South Africa (Igbinosa et al., 2009). Despite the long-standing 
information on the control of cholera transmission, morbidity and mortality; cholera still 
remains a global health threat (Marin et al., 2013), with an estimate of about 120, 000 
mortality globally every year (Shittu et al., 2010). The presence of Vibrio pathogens in 
treated effluents remains potential public health threat. Surface water pollution from poor 
effluent is of great concern because it alters the quality of the receiving waterbody both at 
the site and downstream where it is accessible to animal and human population from rural 
dwellers or informal settlements along the banks of the rivers. The dearth of information on 
speciation and the combined phenotypic and genotypic characterization of antimicrobial 
resistance profiles of Vibrio pathogens recovered from surface waterbodies and treated final 
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effluents of Eastern Cape Province further necessitated the need for this research so as to 
create awareness on the consequences associated with ingestion of untreated waters.  
3.0 Hypothesis 
The null hypothesis of this study is that the final effluents of WWTPs (WW-AD and WW-
CR) and surface water (Great Fish and Tsomo river) in Chris Hani District Municipality in 
Eastern Cape Province, are not the reservoirs of Vibrio pathogens. 
4.0 Aim  
The aim of this study is to evaluate the prevalence of pathogenic Vibrio species in Great 
Fish river, Tsomo river and the final effluents of WW-AD and WW-CR WWTPs in Chris 
Hani District Municipality in Eastern Cape Province, South Africa. 
5.0 Specific objectives  
Specific objectives of the study are set as follows: 
• To determine the physiochemical qualities and prevalence of presumptive Vibrio 
pathogens in the selected freshwater resources and wastewater treatment plants 
effluent. 
• To isolate, identify and delineate the presumptive Vibrio isolates into various 
pathogenic species.  
• To determine the antibiotic susceptibility profiles and multiple antibiotic resistance 
index (MARI) in the identified Vibrio pathogens. 
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Abstract 
Members of the Vibrio genus are autochthonous inhabitants of aquatic environments and 
play vital roles in sustaining the aquatic milieu. The genus comprises about 100 species, 
which are mostly of marine or freshwater origin, and their classification is frequently 
updated due to the continuous discovery of novel species. The main route of transmission 
of Vibrio pathogens to man is through the use of contaminated water and the consumption 
of inadequately cooked aquatic food products. In sub-Saharan Africa and much of the 
developing world, some rural dwellers use freshwater resources such as rivers for 
domestic activities, bathing, cultural and religious purposes. This review describes the 
impact of inadequately treated sewage effluents on the receiving freshwater resources and 
the associated risk to the rural dwellers that depend on the water. Vibrio infections remain 
a threat to the public health. In the last decade, Vibrio disease outbreaks have created 
alertness on the personal, economic and public health uncertainties associated with the 
impact of contaminated water in the aquatic environment of sub-Saharan Africa. In this 
review, we carried out an overview of Vibrio pathogens in rural water resources in  
Sub-Saharan Africa and the implication of Vibrio pathogens on public health. Continuous 
monitoring of Vibrio pathogens among environmental freshwater and treated effluents is 
expected to help reduce the risk associated with early detection of sources of infection, 
and also understand the natural ecology and evolution of Vibrio pathogens. 
Keywords: Vibrio pathogens; rural water resources; public health; sub-Saharan Africa 
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2.1 Introduction 
Freshwater bodies serve as the main water resources in rural areas used for drinking, 
cooking and irrigation for agriculture in most communities that have little or no access to 
potable, safe water. They easily become polluted as a result of fast population growth, land 
development along river banks and urbanization (Ashton et al., 2008). Its continuous 
pollution has resulted in various water-associated disease epidemics in both developed and 
developing countries (Cabral, 2010; Chigor et al., 2013). More than 50% of the 663 million 
people worldwide who lack access to safe water reside in Sub-Saharan Africa, 
predominantly in rural areas (ECOA, 2012). This leads to poor health due to various water-
related illnesses. However, access alone is not enough to guarantee better health. 
Insufficient hygienic practices can also lead to the contamination of safe water after it 
leaves the water point, making it unsafe to drink. Globally, 80% of wastewater flows back 
into the ecosystem without being treated or reused, contributing to a situation where around 
1.8 billion people use a source of drinking water contaminated with faeces, putting them at 
risk of contracting cholera, dysentery, typhoid and polio (UNESCO, 2017). Mainly in low-
income areas of cities and towns within developing countries, a large proportion of 
wastewater is discharged directly into the closest surface water drain or informal drainage 
channel, sometimes with very little or no treatment at all (UNESCO, 2017). In addition to 
household effluent and human waste, urban-based hospitals and industries such as small-
scale mining and motor garages often dump highly toxic chemicals and medical waste into 
the wastewater system. Even in developed countries where wastewater is collected and 
treated, several reports have established that most wastewater treatment plants (WWTPs) 
do not completely remove contaminants from sewage waters based on the system used 
(Rodriguez-Mozaz et al., 2015), thus releasing effluents with varying matrices of 
contaminants at a specific point source into water bodies such as rivers, streams and lakes. 
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Despite recent advances in water quality and wastewater treatments, waterborne diseases 
still pose a major threat to public health worldwide (Zhou and Smith, 2002). As these 
receiving water bodies are the only available sources of potable water, their contamination 
has resulted in many waterborne diarrhoea, gastroenteritis and cholera in children, adults 
and refugees in various developing countries such as Nigeria, Rwanda, Congo, Zimbabwe, 
Sudan, Afghanistan, Chile and Brazil (Thapar and Sanderson, 2004). In rural areas of sub-
Saharan countries like South Africa, rivers play an essential role in the life of the people for 
social, cultural and religious purposes. The general publics at large are directly affected by 
the prevailing poor quality of river water which has required the regulation of biological 
quality of both effluents and the receiving waterbodies. The lack of policy and management 
of drinking water safety issues is an important issue which is believed to be a major factor 
causing the health and safety problems in developing countries. This calls for concerted 
efforts tailored towards ensuring that more researches are carried out in addressing this 
paucity of policies guiding the safety of drinking water in sub-Saharan Africa (Li and 
Jennings, 2017). 
Over the years, several researchers have focused on the sternness of diseases caused by 
Vibrio cholerae leaving out relatively minor Vibrio species of medical interest, some of 
which are described as emerging pathogens able to cause mild to severe human diseases. 
The Vibrio species are aboriginal gram-negative bacilli that inhabit freshwater and estuarine 
water environments with a wide range of salinity, temperature, where they persist 
predominantly in a culturable and non-culturable state (Ramalingam and Ramarani, 2006; 
Alam et al., 2009). They are considered to exhibit both fermentative and respiratory 
metabolisms. Several investigations have also shown the prevalence of Vibrio species in 
surface water throughout the world, and their prevalence in the environment is influenced 
by season, location and the analytical methods employed (Johnson et al., 2012). Dozens of 
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known species have been estimated to establish disease conditions in humans (Austin et al., 
2005; Scallan et al., 2011). They are usually linked to eruptions of Vibrio infections as a 
result of consuming undercooked seafood and water contaminated with sewage or exposure 
of skin wounds to aquatic environments and animals (Lee et al., 2002; Todar, 2005; Dechet 
et al., 2008). The pathogenic Vibrio species of health relevance which are generally 
transmitted through water and seafood include Vibrio parahaemolyticus, V. cholerae, 
Vibrio vulnificus, V. tubiashi and Vibrio fluvialis (Hoffmann et al., 2010; Hassan et al., 
2012). The Vibrio genus comprises about 100 species which are mostly found in marine 
and surface water, and this is subject to continuous updates as a result of the discovery of 
new species (Pruzzo et al., 2005). V. vulnifcus, V. parahaemolyticus and Vibrio mimicus are 
considered to be the toxigenic food-borne pathogens (Cazorla et al., 2011; Newton et al., 
2012). 
V. cholerae is an example of non-invasive organisms, which only affects the small 
intestine via release of enterotoxin which is the etiological agent of cholera, whereas V. 
parahaemolyticus and V. vulnificus are considered as intrusive microorganisms largely 
affecting the colon. V. fluvialis and V. vulnificus are considered as emerging human and 
foodborne pathogens respectively and are linked with outbreaks and sporadic cases of 
severe diarrhea (Bhattacharjee et al., 2010; CDC, 2013; Liang et al., 2013). V. vulnificus 
symptoms include blistering gastroenteritis, skin wounds, or a disease condition known as 
primary septicemia and the infection is very dangerous to people who have long-term 
chronic liver diseases (Farmer and Hickman-Brenner, 2002). Halophilic Vibrio species are 
known to cause mild infections in humans, but can also cause high morbidity, mortality or 
infections to fishes and other aquatic animals (Cano-Gómez et al., 2010; Igbinosa and 
Okoh, 2010). Generally, the outbreak of Vibrio species in aquaculture has a direct impact 
on the economy of a country and also serves as a threat to public health. In this review, we 
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carried out an overview of pathogenic Vibrio species in rural water resources of Sub-
Saharan Africa and its implications on public health. 
2.2 Vibrio Species 
The bacteria genus Vibrio is considered to be among the natural dwellers of aquatic 
environments which play essential roles in maintaining the aquatic ecosystem. Vibrio 
species are characterized as gram-negative organisms, and have straight or sometimes 
curved rod-like shapes and are around 1.4–2.6 μm in length (Farmer et al., 2005). They can 
be motile or non-motile; motile species move about with the aid of three flagella at one end. 
Vibrio species usually produce many horizontal unsheathed flagella. They are 
chemoorganotrophic which are characterized as non-endospores formers and grow in the 
absence of molecular oxygen. They are different from pseudomonads in that they undergo 
fermentative as well as respiratory metabolism and are generally positive to oxidase test 
(Farmer et al., 2003); oxygen is the actual final electron acceptor. They are not capable of 
fixing nitrogen; the usual source of nitrogen is ammonium salts. Nearly all Vibrio 
pathogens are positive to oxidase test with exception of V. metschnikovii (Farmer et al., 
2005). 
Vibro-static agent 0/129 has been reported to have an effect on most Vibrio species and 
this serves as the diagnostic test (Ripabelli et al., 1999). They exhibit the unique capability 
to halt and absorb broad range of carbon, phosphorus and nitrogen substrates (Dryselius et 
al., 2007; Lai et al., 2009; Salter et al., 2009) as well as the ability to secrete exterior 
enzymes chitinase and laminarase which make abundant nutrients available to the 
indigenous microbes (Alderkamp et al., 2007; Murray et al., 2007). Furthermore, they have 
developed an adaptive mechanism to ever changing environmental conditions which 
includes changing of size to an ultra-microbial morphology (<0.4 µm diameter) (Denner et 
al., 2002). Vibrio species are halophilic in nature, they require about 2–3% sodium chloride 
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(NaCl) for optimum development (Sridhar et al., 2006; Tortora et al., 2013). Vibrio species 
apart from V. mimicus and V. cholerae are referred to as halophilic organisms because they 
do not grow on media that is void of the addition of sodium chloride (Elliot et al., 1998). 
The potential significance of salinity to Vibrio species growth shows the dynamics of 
abundance in the aquatic ecosystem (Bryan et al., 1999; Tantillo et al., 2004). 
The genus Vibrio has experienced various modifications in recent years. Many studies 
concentrate on cholera as a result of the havoc the disease has inflicted on public health, but 
of recent ample studies carried out have established some of the minor Vibrio species to be 
of important health concern. The minor species are termed as emerging pathogens capable 
of causing slight to serious diseases in man (Spira et al., 1981; Tracz et al., 2007), marine 
vertebrates and invertebrates (Tendencia, 2004; Qin et al., 2006; Cam et al., 2009). The 
details of selected Vibrio pathogens that are of medical relevance are listed in Table 2.1. 
Over a hundred species are presently in this genus, twelve of which are regarded as human 
pathogens (Summer et al., 2001). 
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Table 2.1 Some diseases conditions initiated by pathogenic Vibrio species. 
Vibrio species Intestinal 
Syndromes 
Extra-Intestinal Syndromes 
 Diarrhea Cholera Septicemia Skin-
infection 
Others 
* 
Vibrio cholerae O1/139 _ ## _ _ ≠ 
Vibrio cholerae non O1/non 
O139 
##  # # ≠ 
Vibrio alginolyticus _  ≠ ## ≠ 
Vibrio damsela _  ## ## _ 
Vibrio fluvialis ##  _ _ _ 
Vibrio metschnikovi ≠  _ _ ≠ 
Vibrio mimicus ##  _ _ ≠ 
Vibrio parahaemolyticus ##  ## ## ≠ 
Vibrio vulnificus ≠  ## ## ≠ 
## key infections; # minor infections; ≠ random infections. * includes otitis media 
cholecystitis, meningitis. Adapted from Miyoshi, (2013). 
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Pathogenic Vibrio species of human origin are categorized broadly based on the 
kinds of disease conditions they exhibit which include one group causing extra-intestinal 
illnesses and the other group causing gastrointestinal diseases. Vibrio species-specific 
diagnostic tests have been long-established with the aid of biochemical techniques, which 
are given in Table 2.2 (Ripabelli et al., 1999). Some Vibrio species, which are known to 
emit light, also exhibit symbiotic relationships with squids and various aquatic organisms 
(Ruby, 1996). Other Vibrio species are known to be morbific to certain organisms which 
include fish, coral, and frogs (Ben-Haim and Rosenberg, 2002; Sussman et al., 2009; 
Akram et al., 2013). 
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Table 2.2  Biochemical characterization of some Vibrio species. 
 V. 
cholerae 
V. 
parahaemolyticus 
V. 
fluvialis 
V. 
furnisii 
V. 
vulnificus 
V. 
alginolyticus 
V. 
cincinnatiensis 
V. 
damsela 
V. 
hollisae 
V. 
metchnikovii 
V. 
mimicus 
TCBC agar YLW GRN YLW YLW GRE YLW YLW GRE ABS GRE GRE 
mCPC agar Purple ABS ABS ABS YLW ABS NOTD ABS ABS ABS ABS 
AGS AKa AKa AKAK AKAK AKa AKa NOTD NAD Aka AKAK AKa 
Grth. NaCl (0%) + − − − − − − − − − + 
Grth. NaCl (3%) + + + + + + + + + + + 
Grth .NaCl (6%) − + + + + + + V + + − 
Grth NaCl (8%) − + V + − + − − − V − 
Grth. NaCl 
(10%) 
− − − − − + − − − − − 
Grth at 42 °C + + V _ + + − − NOTD V + 
CA NOTD + − NOTD + − NOTD NOTD NOTD NOTD NOTD 
VP NOTD _ _ NOTD _ + NOTD NOTD NOTD NOTD NOTD 
SU + − + + − + + − − + − 
CE − V + − + − + + − − − 
LA − − − − − − − − − − − 
AB − − + +  − + − + − − 
MA + + + + + + + + + + + 
MA + + + + Va + − − + + + 
OX + + + + + + + + + − + 
Ad − − + + − − _ +  + − 
Ld + + − − + + + − − + + 
Od + + − − + + − − − − + 
S 0/129 (10 μg) SNTIVE REST REST REST SNTIVE REST SNTIVE SNTIVE NAD SNTIVE SNTIVE 
S 0/129 150 μg) SNTIVE SNTIVE SNTIVE SNTIVE SNTIVE SNTIVE SNTIVE SNTIVE NAD SNTIVE SNTIVE 
GE + + + + + + − + − + + 
UR − V − − − − − + − − − 
Note: AGS—arginine-glucose slant; Grth—Growth; CA—Capsule; VP—Voges-Proskauer; SU—Sucrose; CE—Cellobiose; LA—Lactose; AB—Arabinose; 
MA—Mannitol; OX—Oxidase; Ad—Arginine dihydrolase; Ld—Lysine decarboxylase; Od—Ornithine decarboxylase; GE—Gelatinase; UR—Urease; AC—
Acid; AK—Alkaline; Va—Variable reaction; a—slight acid; ABS—Absence of growth; GRE—green; YEL—yellow; NOTD—Not determined; SNTIVE—
Sensitive; REST—Resistant. Adapted from (Elliot et al., 1998; Tantillo et al., 2004). 
 
 
 
19 
 
2.3 Ecology of Vibrio Species 
Vibrios are autochthonous to the oceanic, estuarine, and freshwater ecosystem (Kaneko 
and Colwell, 1973). They are found in sediments (Vezulli et al., 2009) and are known to 
produce biofilms on surfaces (Hood and Winter, 1997). They either swim freely in the 
water column (Grau et al., 2005) or adhere to/live associated with other organisms (Lipp et 
al., 2002; Pruzzo et al., 2005). Moreover, ample numbers of Vibrio species have developed 
adaptive features that enable them predominantly thrive in salty and even riverine 
environments (Thompson et al., 2004). The study of the ecology of Vibrio species has been 
in existence for long, owing to the fact that many species are of medical importance to both 
human and animals (Thompson et al., 2005). Naturally occurring Vibrios in aquatic 
environments are well documented considering their great importance in the mineralization 
of organic matter and other nutrients (Rieman and Azam, 2002; Guerrant et al., 2003). 
Because Vibrio species are selectively scraped by aquatic flagellates, it is believed that they 
facilitate the degradation of organic matter in water milieu (Beardsley et al., 2003). 
They also have the ability to break down chitin, which has been reported as one of the 
major source of amino sugars in aquatic environment (Rieman and Azam, 2002). In 
addition, Vibrio harveyi secretes an average of ten unique enzymes capable of degrading 
chitin. (Svitil et al., 1997; Sugita et al., 1997).  Accordingly, this might justify the 
ubiquitous occurrence of Vibrio species in aquatic system (Rieman and Azam, 2002). 
Previous studies have highlighted several Vibrio species that are resident in freshwaters 
which are being transferred through flood run-off to marine environments (Cavallo and 
Stabili, 2002). Members of the Vibrio genus are not always introduced into the aquatic 
ecosystem with faecal pollution, unlike enteric pathogens that are found in aquatic 
environment as a result of indiscriminate discharge of wastewater. Some hypotheses have 
attempted to explain the prevalence of some pathogenic Vibrio species in coastal areas. 
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Several studies have also proposed terrestrial and aquatic animals as reservoirs for virulent 
genes in the environment (West, 1989). In particular, bivalves and other filter feeding 
marine animals have been reported to concentrate ample numbers of bacteria in their tissues 
(Hernroth et al., 2000; Canesi et al., 2002). During warm periods in temperate waters, 
almost 100% of oysters harbour Vibrio species, and an annual study on the Southwest coast 
of India shows that 57% of all oysters contained pathogenic Vibrios (Parvathi et al., 2004). 
Numerous studies that have investigated the distribution of Vibrio species suggest that 
pathogenic subpopulations of the genus Vibrio are potential reservoirs for disease 
epidemics (Lutz et al., 2014; CDC, 2015) mainly in sub-Saharan Africa where access to 
potable water is lacking (Guerrant et al., 2003; Harris et al., 2012), and/or in countries 
where eating of undercooked oysters is most prevalent (Chen et al., 2004; Newton et al., 
2015). Previous studies have established that it is almost impossible to understand the effect 
of single physicochemical parameters on Vibrio species since all parameters are 
interdependent and the influence of the environmental conditions varies from one species to 
another (Cavallo and Stabili, 2002).  The incidence and the rate distribution of Vibrio 
species have been linked to a vast array of environmental factors, most notably organic 
matter, salinity, temperature and the association with aquatic animals depending on the 
pathogen and its habitat, and the geographic location (Janelidze et al., 2011; Jaiani et al., 
2013; Arunagiri et al., 2013). Dissolved oxygen (Ramirez et al., 2009; Igbinosa et al., 
2011), chlorophyll (Hsieh et al., 2008; Neogi et al., 2011; Oberbeckmann et al., 2012), and 
plankton (Lizárraga-Partida  et al., 2009; Lara et al., 2011; Kokashvili et al., 2013;  
Kokashvili et al., 2015) have also been found to be important in the ecology of the Vibrio 
species. However, the effects of these environmental parameters have been reported to be 
species dependent (Banakar et al., 2012; Caburlotto et al., 2012) 
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Globally, climate change is anticipated to have direct or indirect effects on environmental 
conditions. The noticeable increase in water temperatures, both in oceans and coastal 
waters, is dependent on higher atmospheric temperatures (Schijven and de Roda Husman, 
2005). Increased temperature in freshwater tends to increase the densities of Vibrio species 
in aquatic animals and this has been implicated in diarrhea and gastroenteritis outbreaks in 
countries with previous epidemic cholera and temperature-based models (Janelidze et al., 
2011; Jaiani et al., 2013). High atmospheric water temperature is one of the factors that 
suggest the presence of Vibrio species as many studies have documented their 
abundance in warmer waters above 15 °C (Paz et al., 2007; Lama et al., 2011; Johnson et 
al., 2012). Slight increases in water temperature have been found to influence the microbial 
load of Vibrio species sharply in the face of climate change (Rodo et al., 2002). Cases of 
disease outbreak were reported in Hurricane Katrina in the United States in 2005 as result 
of pathogens (CDC, 2003). At certain temperatures above 15 °C, attachment to chitin 
increases considerably owing to an increase in the appearance of the mannose-sensitive 
haemagglutinin pilus and the colonization factor, N-acetyl glucosamine binding protein 
(Turner et al., 2009; Stauder et al., 2010). 
At microenvironment temperatures, irrespective of aerated medium uptake, Vibrio 
fluvialis has been shown to exhibit the innate ability to survive and proliferate in saltwater 
microcosm for almost two weeks (Munro et al., 1994). Studies have shown Vibrio fluvialis 
in aquatic environment can be viable for up to twelve months and still be capable of 
establishing an infection and it was later recovered from sediments from viable but 
nonculturable stage, for more than six years (Amel et al., 2008). According to a study 
conducted by Scheldt (Struyf et al., 2004), it was observed that runoff from rivers might 
affect salinity level in the receiving water bodies, which in turn enhances the proliferation 
of Vibrio species. Similarly (Constantin de Magny et al., 2011) revealed that the densities 
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of Vibrio species in the Chesapeake lagoon have a relationship with the rate at which the 
river flows. They were able to establish the direct impact of runoff on the salinity as a result 
of dilution. Moreover, climate change is considered to have noticeable effect on the volume 
of nutrients in the water since variations in introduction of nutrients such as through 
freshwater runoff, and addition of organic carbon brings about changes in precipitation 
forms (Whitehead et al., 2009). 
Vibrio species have been reported to be capable of surviving in many different 
environmental conditions basically due to the development of a spectrum of adaptive 
responses to nutrient deficit, variations in salinity and temperature, and a resistance to 
predation by heterotrophic protists and bacteriophage. One such approach is to undergo a 
change into a dormant or viable but non-culturable (VBNC) state during harsh situations 
(Colwell, 2000). The significance of the viable but non-culturable state in cholera 
epidemiology was revealed by incubating viable but non-culturable state of V. cholerae in 
freshwater microcosms which actively expressed virulence and colonization traits (Mishra 
et al., 2004). Likewise, the formation of biofilm by Vibrio species on the exoskeletons of 
crustaceans and other marine organisms is a survival strategy during famishment and/or other 
environmental difficulties (White and Rasmussen, 1998; Akselman et al., 2010; Shikuma and 
Hadfield, 2010). In biofilms, bacteria are believed to conserve and absorb nutrients, resist 
antibiotics, and create promising associations with other bacteria or hosts. In a conducive 
environment that is usually season reliant, they are known to revert to the active vegetative 
state for development and proliferation (Hall-Sroodley et al., 2004). 
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2.4 Pathogenicity of Vibrio Species 
Clinical manifestation of Vibrio infections commence with drinking of contaminated 
water or eating mishandled marine products (CDC, 2013). After passing through the acid 
wall of the stomach, it attaches itself to the thin tissue lining the small intestine with the aid 
of toxin-coregulated pili (TCP) (Faruque et al., 2005) and with establishment factors like 
accessory colonization factor, diverse haemagglutinins, and core-encoded pilus might also 
be involved. Human pathogenic species are known to produce several extracellular factors 
including haemolysin, cytotoxin, siderophore, phospholipase, collagenase, enterotoxin, and 
haemagglutinin (Janda et al., 1988; Austin et al., 1997). Taking into account all the 
virulence properties, haemolysin, enterotoxin and cytosine have direct link to the clinical 
manifestation; conversely siderophore and haemagglutinin are involved in the 
establishment of Vibrio pathogen disease conditions (Igbinosa and Okoh 2010). One of the 
important means by which pathogens establish their pathogenicity is through the production 
of bacterial enzymes. Essential proteolytic enzymes that breakdown amide bond in proteins 
and other short amino acid are vital for regulating homeostasis in prokaryotes and 
eukaryotes. Occasionally, the enzymes produced by virulent Vibrio species are found toxic 
to the infected human host (Harrington, 1996). As presented in Table 2.3, relevant Vibrio 
pathogens associated to human infections produce and form proteolytic enzymes; some of 
these enzymes are broadly classified as toxic factors processing other protein toxins 
(Miyoshi, 2013). 
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Table 2.3 Some proteolytic enzymes produced by pathogenic Vibrio species. 
Adapted from (Zhang and Austin, 2005; Miyoshi, 2013). 
Vibrio species Vibrolysin Collagenase Chymotrypsin-Like 
Protease 
Haemolysin 
Vibrio alginolyticus  Present Present  
Vibrio 
parahaemolyticus 
 Present Present Present 
Vibrio mimicus Present    
Vibrio cholerae Present   Present 
Vibrio vulnificus Present  Present  
Vibrio fluvialis Present   Present 
Vibrio metschnikovii   Present  
Vibrio anguillarium    Present 
Vibrio tubiashii    Present 
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Studies have shown that poor sanitation and overcrowding are important factors that 
promote the persistence of Vibrio cholerae in the environment, an etiological agent of 
cholera (Huq et al., 2006). Also, V. cholerae is known to express two major virulence 
factors, namely the cholera toxin (CT), which is borne on filamentous cholera-causing toxin 
phage (CTX phage); and a colonization factor named toxin co-regulated pilus (TCP), which 
is one of the crucial intestinal establishment factor and the host receptor for cholera toxin. 
The cholera toxin causes prolific squelchy diarrhoea, and the two subsets of the isolates are 
acquired by lateral gene transfer (LGT) (Karaolis et al., 1998). Toxigenic V. cholerae 
growth phase requires two main stages: One entails the ability to cleave and grow on biotic 
surfaces in a fairly oligotrophic aquatic environment with low osmolarity, while the other 
requires the successful colonization of a eutrophic, biochemically challenging human 
intestine populated by a highly diverse commensal host flora (Heymann, 2008). The release 
of toxins in a living host leads to the discharge of copious squelchy diarrhea that releases 
the causative organism back into the environment where it is capable of further infecting 
additional individuals through consumption of contaminated water, or having access to the 
environmental stage of its lifecycle. At environmental stage, the environment avails V. 
cholerae with a substantial benefit to transform by obtaining different genes from other 
bacteria via lateral gene transfer (LGT). Vibrio cholerae naturally found in aquatic 
environment is believed to coexist with zooplankton. When growing on chitin which is the 
basic unit of planktonic crustaceans, the organism initiates a growth pattern known as 
natural competence which enables Vibrio cholerae to absorb novel DNA that aids the 
virulence of the toxigenic strains, via competence-specific DNA uptake machinery. 
Considering all the known Vibrio pathogens that have been well documented, the most 
significant of them are V. cholerae subgroups O1 and O139, which have been recognized to 
cause cholera (Vezzulli et al., 2008). Intensive study on some of O1 and O139 serotypes 
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that are known to produce some array of virulence genes mostly of the TCP Pathogenicity 
Island, tcpA, tcpI and acfB encrypting the establishment of coregulated pilus toxin, with 
cholera toxin (CT) (Hang et al., 2003; Faruque et al., 2004). Recently, V. parahaemolyticus 
has been the major cause of up to 20–30% of food poisoning human outbreaks of bacterial 
origin in Japan, seafood stomach disease in Asia and gastroenteritis from consumption of 
seafood’s in the United States (Daniels et al., 2000; Broberg et al., 2011; Paranipye et al., 
2012). On rare occasions, V. parahaemolyticus is associated to ear or wound infections 
which, at times, pose threats to individuals that are immunosuppressed, 
immunocompromised or with underlying medical conditions (Zhang and Orth, 2013). 
V. parahaemolyticus is also known to harbor different virulence factors such as TDH-
related hemolysin (trh) and thermostable direct hemolysin (tdh), adhesins and other two 
type III secretion systems, T3SS1 and T3SS2, with varying degree of pathogenicity 
(Makino et al., 2003). They both display similar hemolytic activity in living cells and leads 
to lysis of human erythrocytes most especially in brackish medium (Liu, 2005). Another 
known virulence factor found in V. parahaemolyticus is thermolabile haemolysin (TLH) 
and this is veiled by the TLH gene which is also potent in disrupting red blood cells 
(McCarthy et al., 1999; Wang et al., 2013). Studies have shown that both environmental 
and clinical strains of V. parahaemolyticus are known to express TLH (Bej et al., 1999), 
and the gene is considerably coordinated under assumed intestinal infection settings (Gotoh 
et al., 2010). In addition, V. parahaemolyticus possesses two separate kinds of flagella that 
are used for reeling, swarming and producing capsules. These features are envisaged to 
ensure the strains survival in the environment as well as to thrive in human host. 
The mode of action used by V. vulnificus to establish pathogenicity in human is reliant 
on host vulnerability, and this bacterium is considered an opportunistic pathogen (Gulig et 
al., 2005). Generally, V. vulnificus infection in human arises as a result of taking 
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improperly cooked seafood or wound infection from sea water or contaminated fish (Gulig 
et al., 2005; Chowdhury et al., 2012). The invasive nature of V. vulnificus is attributed to its 
ability to harbor varying multiple virulence factors such as iron availability in the host, the 
capsular polysaccharide and also a short generation time (Strom et al., 2000). 
Several studies have described the prominent virulence factor expressed by V. fluvialis 
as hemolysis which manifested on sheep blood agar. Different acknowledged virulence 
factors of V. fluvialis are as follows: cell vacuolation, hemaglutination cell adherence 
(Scoglio et al., 2001; Di pietro et al., 2004), mannose sensitive (Rhaman et al., 1992), 
hemolysin (Wong et al., 1992), cytotonic (Venkateswaran et al., 1989), mucinase (Janda, 
1986), heat-labile Cytotoxin (Han et al., 2002; Kothary et al., 2003) and cytolysin 
(Lockwood et al., 1982). Liang et al. (2013) discovered that the ability possessed in express
ing all the virulence factors by V. fluvialis is not uniform. Vibrio pathogens thermostable 
direct haemolysin and cholera toxin are used to define V. parahaemolyticus and V. cholerae 
respectively, while within V. vulnificus strains, host proneness appears to be a crucial factor 
for virulence. 
2.5 Epidemiological Features of Vibrio Species 
Vibrio species comprises genetically and metabolically different collections of 
heterotrophic bacteria that grow naturally and are able to proliferate in marine ecosystem 
and freshwater with increased salinity (Thompson and Polz, 2006). Since 1817, up to seven 
major plagues, cholera outbreaks have been reported in Asia and Africa with minor cases in 
Australia and America. Sub-Saharan Africa is broadly affected by many cholera epidemics 
(Igomu, 2011), where the risk associated with cholera infection is high. The prevalence of 
Vibrio species in the aquatic environment has direct correlation to numerous 
physicochemical and biological features of the water ecosystem. V. cholerae is found in 
surface water in a potent state between one hour to 13 days, while the incessant pollution by 
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healthy carriers and victims of cholera epidemics serve as the main means of sustaining its 
proliferation in aquatic environment for up to 15 months in receiving waterbodies 
(Nevendo and Cloete, 2001). Consequently, Vibrio pathogens infections remain a 
significant health challenge in middle-income countries, notably in Africa and Asia, 
endangering the basic health of weak people in the society (Mackintosh and Colvin, 2004). 
Vibrio species have been implicated in cases of bloody diarrhoea, necrotizing fasciitis and 
primary septicemia in immunocompromised individuals, especially in developing countries 
with inadequate sanitation, socioeconomic conditions and water supply systems (Igbinosa 
and Okoh, 2010), however this is responsible for varying degree of ill health and death in 
all age groups worldwide (Obi et al., 2004). Natural tragedies such as tsunami, floods and 
the like also aid outbreak by unsettling the normal balance of nature (Qadri et al., 2005). 
This results in varying health challenges, making food and water supplies prone to 
contamination by parasites and bacteria when vital systems like those for water and sewage 
are destroyed. An example of such is the current outbreak of cholera in Yemen that has 
claimed over 1500 lives with more than 246,000 new cases and this now affects 21 out of 
the 22 provinces in Yemen (CDC, 2017). 
Developing countries are extremely affected because of the paucity of resources, 
infrastructure and disaster awareness systems (Sur, 2000). The spread of cholera within 
neighbouring countries has been attributed to cross-border practices which include migrant 
of fisherman and commercial trade. The outbreaks of cholera and associated deaths that 
occurred between 1994 and 2016 in ten selected countries in sub-Saharan Africa countries 
are listed in Table 2.4. This further establishes the vulnerability of the developing countries 
and most especially children. In 2014 alone, about 190, 549 cases, with 2231 deaths, were 
reported all over the world, though available modeling suggests that the cases of cholera 
outbreak may be far higher with almost 1 to 4 million occurring every year. The current 
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outbreak of cholera in DR Congo is very disheartening, with reported cases of high fatality 
rates. This happening has subjected the DR Congo health system to intense pressure. 
Overall, the prevailing noticeable upsurge of the size of outbreaks can be partially 
described in part by the resistance developed by Vibrio cholerae O1 strains to ciprofloxacin 
and the different cholera toxin B (ctxBtt) genotype (Quilici et al., 2010). Recent studies 
carried out by (Abia et al., 2017) acknowledged that most environmental strains of V. 
cholerae recovered from Apies river in South Africa haboured virulent related genes (hlyA, 
ToxR, tcp and zot). The prevalence of these strains in our environments presents hidden 
public health threats to rural dwellers of developing countries that have little or no access to 
safe water for household uses. In addition, the occurrence of the virulent related genes in 
the absence of ctx gene in isolated V. cholerae calls for further research in an attempt to 
unravel possible triggers of cholera epidemics in most developing countries where known 
toxigenic strains of the bacterium are not common. 
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Table 2.4  Epidemiological updates of cholera outbreaks from 10 selected countries in Sub-Saharan Countries between 1994 and 
2016. Adapted from (UNICEF, 2016). 
Name of Countries Cases between (1994–2013) Cases in 2014 Cases in 2015 Cases in 2016 
Year Cases Death CFR Cases Death CFR Cases Death CFR Cases Death CFR 
Nigeria 2004–2013 105,483 3913 3.7 35,996 755 02 5913 188 3.2 768 32 4.2 
Cameroun 2004–2013 46,172 1817 3.9 3355 184 05 120 5 4.2 77 1 1.2 
Niger 1994–3013 21,538 978 4.5 2059 80 04 51 4 7.8 38 5 13.2 
Lake Chad Basin 2004–2013 31,918 996 3.2 41,188 994 2.4 6084 197 3.2 883 38 4.3 
Ghana 1998–2013 55,784 1095 2 28,944 247 01 687 10 1.5 600 00 00 
Benin 2004–2013 5432 48 0.9 874 14 02 00 00 00 874 13 1.5 
Togo 2006–2013 2142 38 1.8 329 11 03 50 02 4.0 02 00 00 
Cote d’Ivoire 2002–2013 7573 272 3.6 248 14 06 200 02 1.0 16 01 06 
Guinea Bissau 1996–2013 74,031 1684 2.3 18 3 7 00 00 00 00 00 00 
DR Congo - - - - 19,305 265 01 18,403 272 1.5 28,162 772 2.7 
Note: The risk factors for cholera in the 10 selected countries in sub-Saharan Countries between 1994 and 2016 are poor sanitation, lack of 
safe water and cross border. 
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The recent findings that affirm the occurrence of V. cholerae in river sediments further 
confirm the risk of infection associated through exposure to the river could increase under 
circumstances of sediment resuspension (Abia et al., 2016). The possibility of isolating V. 
cholerae strains from river sediments, may possibly increase the understanding of the possible 
sources of the V. cholerae strains involved in the cholera epidemics that affected many 
developing and Sub-Saharan African countries for many years. 
The absence of cholera enterotoxin was also reported in V. cholerae non O1/O139 isolated 
from the water of several reservoirs in Burkina Faso. The fact that the bacterium did not harbor 
the ctx gene does not exclude the threat associated with presence of the V. cholerae non 
O1/O139 in environmental waters (Marin et al., 2013; Engel et al., 2016). Some studies have 
earlier demonstrated the antigenic translation of V. cholerae non O1/O139 to V. cholerae O1 in 
favourable conditions (Mantilla et al., 1996; Li et al., 2002; Blokesch and Schoolnik, 2007). 
Between 1976 and 1997, Bangladesh witnessed the most devastating outbreak of V. fluvialis 
(Huq et al., 1990). Also between 1997 and 2000, Vibrio observation statistics indicate that V. 
fluvialis was liable for 82 out of 1584 Vibrio infections in the report submitted to Centers for 
Disease Control and Prevention. In Kolkata in India, (Srinivasan et al., 2006) reported the 
increase in the rate at which V. fluvialis is isolated from hospitalized patients with cholera-like 
symptoms. Igbinosa et al. (2009) revealed the survival of V. fluvialis in wastewater effluents in 
South Africa and there is a previous report linking this bacterium to causing food poisoning 
(Kobayashi and Ohnaka, 1989), especially due to consumption of inadequately prepared shellfish 
(Levine and Griffin, 1993). Recent studies have established the epidemiological relevance of V. 
fluvialis in several countries regardless of their economic circumstances (Chowdhury et al., 
2012; Liang et al., 2013). 
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Human infections caused by V. vulnificus occur virtually everywhere it has been isolated 
from estuarine or coastal environment, which was first reported in the United States by Centre 
for Disease Control in 1964. Though it was erroneously recognized as virulent strain of V. 
parahaemolyticus, it was later understood in 1970. The disease conditions displayed include 
wound infection and septicemia which were unique and different from other Vibrio species 
(Hollis et al., 1976; Blake et al., 1980; Morris et al., 1985). This bacterium is unique for a 
number of reasons, such as its exceptional pathogenicity, high case fatality rate, interesting and 
unusual epidemiology, hidden virulence potential, and the increasing incidence of disease. This 
pathogen is strikingly interesting because recorded cases occur in males (~85%), and in patients 
with repressed illnesses resulting in raised serum iron levels, primarily hepatitis and alcohol-
related liver cirrhosis. Oestrogen appears to reduce the ability of this pathogen to elicit endotoxic 
shock in women; however, the molecular basis of this protective role remains unclear. Besides 
foodborne disease, V. vulnificus causes potent fatal wound infections. Generally V. vulnificus 
wound infections are categorized by swelling, erythema and acute pain. Significantly, as 
compared to other vibrios, V. vulnificus needs only minute portals of entry to initiate wound 
infections, and often appear initially as an insect bite (Baker-Austin et al., 2008). V. vulnificus is 
heterogeneous and the basic features genetic, biochemical, serological as well as host range are 
used to categorize it into three biotypes. Biotypes 1 and 2 are known to cause infections in 
human and aquatic animals respectively. However, the third biotype is a hybrid of biotype 1 and 
2. This was first discovered in 1996 from V. vulnificus infections at a fish market in Israel 
(Zaidenstein et al., 2008). Recent studies have further revealed the complication surrounding the 
virulence process of V. vulnificus as the biotype 1 has been discovered to habour two distinct 
genotypes termed C (clinical) and E (environmental). The genotype strains C are mostly 
associated with human septicaemia while the genotype E is encountered in wound infections 
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caused by V. vulnificus. Igbinosa and Okoh, (2010) revealed the occurrence of V. vulnificus in 
effluents from wastewater treatment plants even after chlorination in South Africa. Several 
discrete genes are believed to be important in pathogenesis as well as those involved in 
cytotoxicity, haemolysin, iron sequestration pathways, secretion systems and acid neutralization 
pathways. Up to date, there has been no record of any single molecular target that has been 
documented capable of differentiating pathogenic and non-pathogenic V. vulnificus strains and 
this calls for more research in an attempt to unravel the differences that exist within these strains. 
Vibrio parahaemolyticus, a halophilic bacterium, has gained global brutality having being 
linked to an emergence of gastroenteritis throughout the world, including Africa, Europe and 
Asia (Okuda et al., 1997). Several studies have tried to establish that this human pathogen 
resides in different geographical locations. Vibrio parahaemolyticus was first isolated and 
recognized as the causative agent of seafood-borne infection in Japan in 1950, which accounted 
for over 272 illnesses and 20 deaths after consumption of shirasu, a local delicacy (Fujino et al., 
1953). From 1996 to 1998, the Infectious Disease Surveillance Centre in Japan declared V. 
parahaemolyticus as the main cause of food poisoning (Su and Liu, 2007). Lethal V. 
parahaemolyticus is spread via consumption of partially, undercooked or contaminated marine 
products, and is capable of initiating acute gastroenteritis (Letchumanan et al., 2014; Wang et 
al., 2015). Disease condition caused by V. parahaemolyticus is associated with three major 
clinical manifestations which include gastroenteritis, wound infections, and septicemia. The most 
prominent of the syndrome is gastroenteritis, with symptoms such as watery diarrhea 
(occasionally bloody diarrhoea) with abdominal pains, nausea, spewing, headache and fever 
(Kaysner and Depola, 2001; Su and Liu, 2007). The mean period of V. parahaemolyticus illness 
is 15 h (range: 4–96 h) (Joseph et al., 1982). V. parahaemolyticus infection in immunocompetent 
folks is self-limiting, mild and of moderate severity, lasting an average of 3 days (Yeung and 
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Boor, 2004; Nair et al., 2007). About 45,000 annual cases of food-borne disease associated with 
V. parahaemolyticus infections are reported in the United States, and this is a public health threat 
because the incidence keeps increasing in spite of control measures; this is attributed to the 
impact of climate change on pathogen abundance and distribution. Almost 20 to 30% of all 
reported food poisoning cases in Japan are caused by V. parahaemolyticus (Alam et al., 2002) 
and it is considered as one of the major causes of seafood and marine products-borne illness 
(Koralage et al., 2012; Yu et al., 2013). Furthermore, several cases of gastroenteritis which result 
from consumption of contaminated seafood as well as cholera outbreaks were also reported in 
Nigeria (Adeleye et al., 2010). 
2.6 Treatment and Antibiotic Resistance of Vibrio Species 
The frequency of Vibrio species infections, which cause illnesses that vary from acute 
diarrhea, septicemia and gastroenteritis to primary sepsis and necrotizing fasciitis, continues to 
increase particularly in developing and middle-income countries where infectious diseases and 
poverty are endemic (CDC, 2014). Treatment of cholera diseases condition is centered on the 
physiological ideology of replacing water, electrolyte and maintaining intravascular volume. The 
main goal is to replenish potassium and bicarbonate, which were discharged along with choleric 
stool. For severely ill patients, the Centre for Disease and Control (CDC) recommends the use of 
antibiotics along with fluid replacement. Application of this physiological principle is primarily 
made available to patients who are sternly dehydrated and who continue to discharge large 
volumes of stool throughout the rehydration treatment. The use of antibiotic treatment is also 
recommended for all patients who are hospitalized. Antimicrobial agents are useful in aiding the 
rehydration treatment of cholera, because their use reduces the duration of diarrhoea (which in 
turn reduces the spread of the disease), and treats acute illnesses (by reducing volume of 
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diarrhoea). CDC recommends that the class of antibiotics used for treating any infection should 
be based on indigenous antibiotic susceptibility patterns. The first line of treatment for adults in 
most countries as recommended is doxycycline, however azithromycin is recommended as 
primary treatment for pregnant women and children. For the period of an epidemic, antibiogram 
must be observed by carrying out regular test on all sample isolates from different geographic 
regions (CDC, 2015). 
Ever since the discovery of antibiotics and other antimicrobial therapies, they have always 
been used to treat both old and new emerging infections, subsequently leading to disease 
management and control (Saga et al., 2005; Aminov, 2011). However, treating antibiotic 
resistant infections with existing antibiotics has become more challenging, giving rise to 
infections that result in higher morbidity and mortality (Carlet et al., 2011; Finley et al., 2013). 
In sub-Saharan Africa, the prevalence of high burden of infectious diseases, which is mainly of 
bacterial origin, has increased the demand for antimicrobial remedies for treatment (CDC, 2014). 
Furthermore, in the healthcare environment, shortfalls ranging from inadequate diagnostic 
capacity and resources, high out of pocket cost of antimicrobial drugs, lack of free access to 
antibiotics, to constrained access to health services and poor orientation with respect to antibiotic 
use (Shears, 2001; CLSI, 2010; Crowther-Gibson et al., 2011) have gradually fueled the demand 
for antibiotics. Every year, quite a large number of Vibrio species are documented to harbour 
high resistance genes towards commonly used antibiotics. Drug resistance is one of the most 
alarming public health concerns that advance rapidly and threaten the advancement of disease 
management and control (Slama et al., 2005; Ansari et al., 2010). 
The upward trend of antibiotics resistance by microbial pathogens portends to weaken the 
idealistic hope of public health gains made since widespread use of antibiotics was adopted. The 
emergence of antibiotics resistance among various species of Vibrio pathogens is a well-
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established phenomenon (Saga and Yamaguchi, 2009) and with the ongoing challenges of 
producing potent and effective new antibiotics (WHO, 2013), the management of communicable 
diseases has become a dire need in less industrialized countries where poor sanitation and 
malnutrition are prevalent. The indiscriminate use of antibiotics and chemotherapeutic agents as 
feed additives or immersion baths to establish preventive measures in farming and aquaculture 
environment has also been implicated in the emergence of multidrug resistance in aquatic 
microorganisms such as the Vibrio species (Sudha et al., 2014). 
Recent studies have established the role played by municipal and industrial wastewater and 
aquaculture as drivers of resistance genes in the aquatic ecosystem. A sizeable portion of the 
clinically used antibiotics consumed by humans is released in active biological form through 
urine and faeces (Singer et al., 2011; Zhang et al., 2015; Verlicchi and Zambello, 2016). The 
residual portion of the antibiotics excreted by humans is discharged into wastewater treatment 
plants, with one of three fates: (1) biodegradation (Chen et al., 2015) (2) absorption to sewage 
sludge (Li and Zhang, 2010; Ahmed et al., 2015) or (3) exit as inadequately treated effluent 
(Rivera-Utrilla et al., 2013; Luo et al., 2014). Furthermore, out of 16 selected United Kingdom 
wastewater treatment plants (WWTPs) showed the existence of erythromycin, ofloxacin, and 
oxytetracycline residues in each of the WWTPs (Gardner et al., 2013). 
About 30–90% of antibiotics ingested by animals are found in their faeces and urine 
(Berendsen et al., 2013). Animal excreta have been made known to pollute the environment with 
antibiotic resistant bacteria and antibiotics (Udikovic-Kolic et al., 2014; Wichmann et al., 2014). 
This phenomenon was recently verified in a study conducted in the Netherlands using 20 salable 
swine and 20 calf farms. The result revealed antibiotics in 55% of the swine faeces out of the 
80% of the swine farms considered, and in 75% of the calf faeces from 95% of the cattle farms 
(Berendsen et al., 2013). Among the antibiotics residues recovered, oxytetracycline, 
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doxycycline, and sulfadiazine remained the most recurrent. This is in line with some noteworthy 
reports affirming that the use of antibiotics and biocides in fish farms tends to increase the 
circulation, which in turn contributes to the wide range of resistance genes within our 
environment. 
Antibiotic resistance is known as the enhanced ability of an organism to withstand the effect 
of antibiotics to which it was previously vulnerable. In the treatment of different Vibrio 
infections, antibiotics such as Amoxicillin, Ampicillin, Chloramphenicol, Cotrimoxazole, 
Ciprofloxacin, Doxycycline; Erythromycin, Fluoroquinolone, Furazolidone Gentamicin, 
Kanamycin, Nalidixic acid; Neomycin, Norfloxacin, Polymyxin B, Quinolone, Streptomycin, 
Spectinomycin, sulfamethoxazole–trimethoprim, Sulphonamides, Tetracycline, Trimethoprim, 
Vancomycin are generally drugs of choice (Lima, 2001; Lagana et al., 2011; Kitaoka et al., 
2011; CDC, 2015). Several reports have established that both clinical and environmental Vibrio 
strains harbor antibiotic resistance genes (Cabello et al., 2013; Letchumanan et al., 2015; 
Shrestha et al., 2015). The presence of this bacterium in the aquatic environment increases 
human fright on food safety owing to the latter possibly causing disease epidemics depending on 
the environmental conditions (Ceccarelli et al., 2013). The advent of antibiotics resistance is a 
challenging process repeatedly linking human, environmental and pathogen-related features 
(Shears, 2001; Saga and Yamaguchi, 2009; Aminov, 2011) In general, the antibiotic routine in 
humans and animals conveys an intrinsic threat of opting for antimicrobial resistance genes 
(ARGs). The predominance of resistance genes in the environment is the outcome of an intricate 
combination of dynamics, that reveals an active balance of fitness costs and aids: costs of 
transporting the ARGs in the framework of the host genome and environment (Maher et al., 2012; 
Roux et al., 2015), relative to the sternness and recurrence of risk (Gullberg et al., 2014), 
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pertinent to some physical environmental features, such as temperature (Gifford et al., 2016) and 
microbial ecology (Amini et al., 2011), among others. 
2.7 Mechanism of Antibiotics Resistance in Vibrio Species Infection 
Several antibiotic resistance mechanisms in bacteria are usually enabled by exporting drugs 
through efflux pumps, chromosomal mutations or developing genetic resistance via the exchange 
of conjugative plasmids, conjugative transposons, integrons or self-transmissible chromosomally 
integrating SXT elements (Burrus et al., 2006; Kitaoka et al., 2011). Some antibiotic-resistant 
Vibrio species in sub-Saharan Africa as well as their resistance mechanisms are listed in Table 
2.5. Vibrio species are known to employ multi-drug efflux pumps to establish resistance against 
antimicrobial agents and other toxic compounds by a mechanism that prevents the accumulation 
of drugs inside the bacterial cells. V. cholerae has shown its ability in using multidrug efflux 
pumps to export a wide range of antibiotics, detergents and dyes that are chemically and 
structurally unrelated (Paulsen et al., 1996). Collectively, multi-drug efflux pumps are not 
employed only for drug resistance, but have also been implicated in the expression of important 
virulence genes in Vibrio pathogens. The spread of antibiotic-resistant in V. cholerae is known to 
be facilitated by horizontal gene transfer through self-transmissible mobile genetic elements, 
including SXT elements mobile DNA elements belonging to the class of integrative conjugating 
elements (ICEs). The SXT genetic mobile element ICE conferring resistance to 
sulfamethoxazole-trimethoprim was first documented in V. cholerae O139 or a closely related 
ICE in Madras, India, owing to its ability to harbor resistance to trimethoprim, sulfamethoxazole 
and streptomycin. The relationship between self-transmissible elements and multidrug resistance 
has been well documented in Vibrio species (Waldor and Mekalanos, 1996). A recent study in 
Cameroun revealed that Vibrio cholerae O1 of environmental origin harbours heterogeneous 
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multidrug resistance towards Amoxicillin (AML), Ampicillin (AMP), Tetracycline (TE), 
Chloramphenicol (C), Doxycycline (DXT) and Cotrimoxazole (SXT) (Akoachere et al., 2013). 
The frequent usage of antibiotics as part of the Vibrio infection treatment regimen has resulted in 
the development of multidrug resistance in V. cholerae and seafood pathogens such as 
pathogenic Vibrio species (Sudha et al., 2014). 
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Table 2.5 Selected drug-resistant Vibrio species strains reported in Sub-Saharan Africa. 
Adapted from (Kitaoka et al., 2011) with slight modification. 
Year Country Strain Antibiotic 
Resistance 
Mechanism Reference 
2006 Accra, Ghana O1 SXT SXT element, 
Class 2 integron, 
Class 1 integron. 
(Opintan et al., 
2008) 
2011–2014 Ghana O1 biotype El Tor Am, Cpr, NA, 
SXT. 
ND (Eibach et al., 
2016) 
Nov. 2002–April 
2004 
Mozambique O1 El Tor Ogawa Cm, Co, Tet, 
Qu. 
ND (Mandomando et 
al., 2007) 
1994 Rwanda O1 EL Tor Co ND (O’Shea et al., 
2004) 
Oct. 2004–Mar. 
2006 
Senegal O1 El Tor Co ND (Manga et al., 
2008) 
2009–2010 Nigeria atypical El Tor SXT, Spec ND (Marin et al., 
2013) 
2004–2005 Cameroun O1 SXT, Amp ND (Mgandjio et al., 
2009) 
Aug 2006–Sep 
2008 
North-west 
Ethiopia 
O1 Inaba Co, Cm, Amp, 
Ery, Tet, Cpr. 
ND (Abera et al., 
2010) 
2011–2012 DR Congo Ogawa and Inaba NA, Am, Cm, 
Tet, Do, Nf, 
SXT, Ery. 
ND (Miwanda et al., 
2015) 
Dec 2006–Feb 
2007 
Namibia O1 El Tor Inaba SXT, Sm. ND (Smith et al., 
2008) 
1998–1999 Kenya O1 Spec, Cm, Co, 
Tet 
ND (Mwansa et al., 
2007) 
2006 Angola O1 and Vibrio 
parahaemolyticus 
Am, Cm, Tri, 
SXT, Tet. 
Plasmid located 
Class 1 
integrons. 
(Ceccarelli et al., 
2006) 
2010 South Africa Vibrio fluvialis, 
Vibrio species 
Vf (Tri, Pen, 
Co, Spec). V 
spp. (Am and 
SXT). 
ND (Igbinosa and 
Okoh, 2010) 
2008–2009 South Africa O1 Inaba Co, NA, Am, 
Tet, Cm, Ery, 
Ce. 
Tet A gene, SXT 
element-
integrase 
(Ismail et al., 
2012) 
Note: Am: Amoxicillin; Amp: Ampicillin; Cm: Chloramphenicol; Co: Cotrimoxazole; Cpr: Ciprofloxacin; 
Ery: Erythromycin; Spec: Spectinomycin; SXT: Sulfamethoxazole–trimethoprim; Tet: Tetracycline; Tri: 
Trimethoprim; NA: Nalidixic acid; Qu: Quinolone; Sm: Streptomycin; Pen: Penicillin; Ce: Cephalosporin. 
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As an environmental organism, V. cholerae has the means to acquire resistance genes from 
intimate contact with indigenous resistant environmental bacteria (Martinez-Urtaza et al., 2008) 
through mobilizable genetic elements. The persistent discharge of antibiotics into WWTPs is 
associated with the release of resistance genes. These resistance genes in wastewater originate 
from the gastrointestinal tracts of humans primarily (Hu et al., 2013; Chang et al., 2015; Newton 
et al., 2015). However, most of the genetic determinants that confer resistance to antibiotics are 
located on plasmids. Acquired antibiotic resistance in bacteria is generally mediated by 
extrachromosomal plasmids and is transferable to other bacteria within the environment 
(Manjusha et al., 2011). The co-location of antibiotics and ARGs in WWTPs can select for novel 
combinations of AMR that can be shared between microorganisms by horizontal gene transfer 
(HGT) on mobile genetic elements (MGEs), such as plasmids, thereby increasing the prevalence 
and combination of multiple drug resistance in the microbial community (Szczepanowski et al., 
2004; XU et al., 2015). Plasmid-mediated multidrug resistance is one of the most pressing 
problems in the treatment of infectious diseases. In the last decade, the emergence of antibiotic 
resistant genes in Vibrio species has been on the increase compared to previous years, and these 
genes include penicillin resistant genes penA, blaTEM-1 and Beta-lactam (Srinivasan et al., 
2005;  Zhang et al., 2009), chloramphenicol resistant genes (Dang et al., 2008) and tetracycline 
resistant genes (Kim et al., 2013). There has been little or no regulation of the choice of 
antibiotics administered to animals, with overlaps in the classes of antibiotics used for farming 
and human therapy in most of the sub-Saharan countries. The risk of multiple drug resistance 
found in environmental microorganisms being transferred to other pathogens is of significant 
public health concern that calls for concerted efforts in tackling the threat posed to disease 
control and management (Forsberg et al., 2012; Cox et al., 2013; O’Neill, 2015). These animals, 
animal products, farm workers and the farming environment itself are potential reservoirs for 
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resistance determinants. Antimicrobial resistance has been detected in farms; however, the extent 
of resistance and spill over in the country remains largely unknown. Hence, the transmission of 
resistance between animal feed and humans is important and requires investigation, as this has 
been linked to increasing clinical resistance in human medicine. 
2.8 Strategic Recommendations for High-Risk Cholera Outbreak Areas 
High-risk cholera areas along the coastline are regions that serve as pathways for exchange 
with neighbouring countries. The neighbouring areas that are prone to cholera outbreaks with 
high incidences call for cross-border collaboration for preparedness and early detection (Oger 
and Sudre, 2011). The priority strategic actions to be taken in the above onset regions include: (i) 
consolidating timely uncovering and prompt response schemes with community-based 
surveillance and cross-border alert; (ii) establishing coordination machineries through the sectors 
and borders; (iii) building capacity on outbreak management; (iv) targeted pre-positioning of 
supplies; and (v) preparing communication messages and plans. Sustainable Water, Sanitation 
and Hygiene activities should be of main concern in rural areas that are often affected by long 
outbreaks. An integrated WASH-epidemiological study has been steered by UNICEF in the West 
Africa region and proposes to (i) institute support with concerned Water Company Limited to 
advance the water quantity and quality delivered to the rural areas, (ii) reinforce post-
chlorination of the network by mounting dosing chlorine pumps at premeditated points along the 
network, (iii) advocate for the use of GIS technology all through an outbreak to ascertain any 
strategic hotspots, and (iv) when hotspots are known, implement WASH and Health 
development programs targeting identified communities, and consider the use of Oral Cholera 
Vaccine (UNICEF, 2015). 
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2.9 Conclusions 
The concerns about public health risks from Vibrio pathogens, most especially when rural 
waters, wastewater effluents and mishandled sea products remain means of transmission of 
Vibrio species infections, are expected to remain in the future. Every year, there has been an 
emergence of at least one new pathogenic Vibrio species which could be transferred through the 
environment as a new public health menace. This is as a result of a number of factors which 
include: (i) the impact of global climate change on environmental conditions; (ii) the 
indiscriminate use of chemotherapeutic agents and antibiotics in aquaculture environment and 
agriculture; (iii) the enhanced ability of the Vibrio species to transfer acquired resistance genes; 
(iv) the evolution of pathogens; and (v) the application of a global effective surveillance system 
to ascertain the risks of environmentally transmitted pathogenic Vibrio species and the 
indiscriminate use of antibiotics for treatment and prophylaxis measures. The observed 
transmission of antibiotic-resistant bacteria and genes from animals to humans highlights the 
importance of biosecurity and the need to separate animals being treated for infection from the 
herd (where feasible), and not to re-use beddings from infected and treated animals. The use of 
an effective global surveillance system to monitor factors such as ecological modifications and 
climate change that enhance Vibrio species as significant human pathogens demands quantitative 
assessments rather than assumptions. There is a dire need of information on the indiscriminate 
traditional use of antibiotics in farming and aquaculture environment as immersion baths or feed 
additives, which is believed to contribute to the prevalence of antibiotic resistance in humans 
within sub-Saharan Africa. Furthermore, to reduce the proliferation and survival of emerging and 
currently recognized pathogens in the final effluent being discharged into receiving water bodies, 
there is an urgent need to adopt advanced treatment methods and maintenance strategies. The 
implementation of adequate surveillance management protocols to reduce the possibility of 
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infections caused by pathogenic Vibrio species is also proposed. And finally, the use of advanced 
molecular techniques and the integration of skills from related fields (e.g., microbiology, 
biotechnology and ecology) will promote a better understanding of the state and possible causes 
of pollution which can, in turn, help in developing long-term policies to improve water quality. 
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CHAPTER THREE 
MATERIALS AND METHODS 
3.1 Description of study areas 
Two wastewater treatment plants (WWTPs) and two freshwater resources in the Eastern Cape 
Province, were investigated for vibriology and physicochemical qualities. The WWTPs and 
rivers are described below. 
3.1.1 The WW-CR Sewage treatment plant works 
The WW-CR Sewage treatment plant works is situated at Inxuba Yethemba Municipality of the 
Eastern Cape Province with geogragraphical coordinates of Longitudes 32o11’15.7’’S and 
Latitude 25o37’22.06’’E. The treatment plant receives mainly domestic sewage, agro-allied 
industrial wastewater and surface run-off. It is designed with the capacity of 4.2Ml/d, categorized 
as a medium size (DWAF, 2009). It operates on activated sludge technology with the generated 
waste mixed liquor being subjected to solar dying beds. The disinfection of the effluents is 
achieved with the aid of gas chlorinator in a resistant concrete contact tank. The treated effluent 
is finally released into the Great Fish river. 
3.1.2 The WW-AD Sewage treatment plant works 
The wastewater treatment facility is situated at Amathole District Municipality of the Eastern 
Cape Province on geographical coordinates of 32o42’15.1’’ S and 26o18’46.9’’E. The facility has 
a design capacity of 0.34Ml/d which is considered as a micro size, usually receives domestic 
sewage with light industrial wastewater as well as run-off water and the effluent treatment is 
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based on activated sludge. The sludge generated is subjected to sludge lagoon treatment. 
Thereafter the treated effluent is discharged into Koonap stream a tributary of Great Fish river. 
3.1.3 Tsomo River 
The Tsomo River (Fig 3. 1) is located in Eastern Cape Province of South Africa. It is a tributary 
of the Great Kei River. It flows about 10 km to the north west of the town Elliot and flows 
southward to meet the right-hand bank of the Great Kei River. Towns lying on the banks of the 
Tsomo river include: Tsomo, Cala and Ncora. Along the course of Tsomo river are two dams 
that serve as raw water sources for drinking water production by the water treatment works of 
Tsomo and Confimvaba. The treated water from the plant supplies neighbouring town and 
villages including Tsomo, Cala and Confimvaba. Ncora dam also serves as a means of irrigation 
to all neighbouring commercial farms. There are about two wastewater treatment plants that 
discharge effluents directly or indirectly into the Tsomo river. Hence, the factor considered on 
sample collection sites were based on the current state of the water quality of the river, owing to 
indiscriminate disposal of inadequately treated effluents, storm water and anthropogenic run off 
from rural and small settlements situated on the banks of the river. A total of four sampling sites 
(TS1, TS2, TS3 and TS4) were selected and mapped out with the aid of Global Positioning 
System (GPS) instrument, (eTrex Legend H; Garmin, Olathe, KS, USA), on the river bank 
including the downstream of Tsomo wastewater treatment plant (TS3). 
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Figure 3.1 Tsomo river showing  sampling sites. 
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3.1.4 Great Fish River 
The Great Fish river (Fig 3.2) is located in the Cape midland of Eastern Cape, South Africa. It 
has a length of 430 miles and a drainage area of 11,900 square miles. Besides, its main tributaries 
are the Groot Brak, Tarka and Kap river on the left side, whereas its right tributaries include the 
Baviaans, Kat and Little Fish river. It doesn’t flow through any notable urban settlement, other 
than Cradock and Cookhouse. The Great Fish River is one of the most significant rivers in the 
Eastern Cape Province, supporting thousands of commercial crop and livestock farmers (Holmes 
and Taylor, 2015). In rural settlements along the course of the river, subsistence farming 
predominates with intensive irrigation in production of fresh produce and other crops. The river 
is prone to various agricultural runoffs from commercial farms around the river banks. In 2015, 
Health news 24, reported the outbreak of gastroenteritis in Cradock which is associated with 
indiscriminate discharge of untreated effluent into the Great Fish river from Cradock wastewater 
treatment plant. The factors considered in selecting the sites were based on anthropogenic, 
domestic and irrigation activities of the rural communities along the river. 
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Figure 3.2 Great Fish river showing sampling sites. 
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3.2 Sample collection 
Treated effluent samples  were collected on monthly basis from the two wastewater treatment 
plants over a period of one year sampling regime (December, 2016 to November, 2017). 
Permissions for sampling were obtained from the relevant authorities of the treatment plants. 
0.5ml of 10% Sodium thiosulphate concentration was added to bottles meant for collection to 
dechlorinate effluents samples for bacteriological analysis. Water samples were collected after 
chlorination of the final effluent, as well as from about 500m upstream and downstream of the 
discharge points. Similarly water samples were collected once monthly from spatially discrete 
points on Tsomo and Great Fish river in sterilized 1L bottles, at a depth of approximately 15cm 
to 20cm against the flow current below the water surface. Some air space was left in the bottles 
to ease mixing by shaking before further examination. The samples were immediately 
transported to the Applied and Environmental Microbiology Research Group (AEMREG) 
Laboratory, University of Fort Hare, Alice, South Africa, in a lightproof insulated box containing 
ice-packs. On arrival, the samples were immediately stored at 4 °C until processing. All the 
samples were processed within 8 h of collection as recommended by American Public Health 
Association (APHA, 2012). 
3.3 Determination of physicochemical properties 
All equipment were calibrated using standard analytical grade buffer solutions of pH 4.0, 7.0 and 
10 values prior to analyses.  While temperature, salinity, Electrical conductivity (EC), total 
dissolved solid (TDS), pH of the water samples were determined on site with the aid Hanna 
Multi-parameter water proof meter (HI98195 model). The concentration of residual free chlorine 
in the final effluent was  measured on site with multi-parameter ion-specific meter (Hanna BDH-
laboratory). Total suspended solid and turbidity of the water samples were measured using 
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HACH DR 900 colorimeter (9385160 models). The dissolved oxygen and BOD content of the 
samples was measured using multiparameter ion specific meter (Hanna instruments, version 
HI9828) and all analysis were carried out in triplicates. 
3.4 Bacteriological analysis of water samples 
Thiosulfate citrate bile salt agar (TCBS) is the most commonly employed selective media for 
isolating Vibrio species from environmental water samples. Sucrose serves as the carbohydrate 
energy source which also doubles as the differentiating trait between sucrose positive (yellow 
colonies) and sucrose negative (blue-green colonies).  While most of the Vibrio species exhibits 
brilliant growth on TCBS agar, V. hollisae exhibits little or no growth on this medium, which is 
also the case for V. damsela when incubated at 37°C. Serially diluted 100ml water sample were 
concentrated on  0.45- µm cellulose membrane filters (Pall Corporations, South Africa) and the 
filter papers were inoculated in the alkaline peptone water (APW) (Bacto peptone 1%, NaCl 1%) 
as enrichment  medium for Vibrio species. To isolate Vibrio species a loopful of each enrichment 
medium was streaked on the thiosulphate citrate bile salt agar (Oxoid) media and incubated at 
37oC for 24 h in accordance with the description of Alam et al. (2006). For total count, water 
samples were serially diluted with 100ml of each composite filtered through the 0.45- µm 
cellulose membrane filters. Thereafter, the membrane filters were placed on TCBS media and 
incubated as earlier described (Alam et al., 2006). Typically blue-green and yellow colonies 
were counted and reported as colony forming units (cfu/100ml). Five to ten isolated colonies per 
plate were randomly picked and subsequently subcultured on sterile TCBS agar plates for purity. 
Pure isolates was further plated on nutrient agar plates, incubated overnight before transferring 
into glycerol stocks (50%) and stored at − 80°C for further analysis.   
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3.4.1 Preservation of presumptive isolates  
Presumptive single colonies of purified isolates were grown on tryptic soy broth (TSB)  for 24 h 
and 1ml of the resulting broth culture was centrifuged to harvest cells. The resulting cell pellets 
were washed by re-suspending in sterile normal saline, centrifuged and the supernatants were 
decanted to recover the cell pellet. The recovered cell pellets were re-suspended in 400µl normal 
saline and 400µl of sterile glycerol was added to make 800µl 50% glycerol stock. Finally, 400µl 
of the glycerol stock were stored in − 80oC. 
3.5 Control Isolates 
Five control Vibrio species were purchased from Leibniz-Institut DSMZ-Deutsche Sammlung 
von Mikroorganismen und Zellkulturen GmbH as positive controls. The organisms are 
categorized according to German national regulations as Risk Group2* which means they are 
pathogenic to human or animals. The reference organisms are stated in the Table 3.1. 
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Table 3.1  List of reference organisms and reference number. 
  
 
 
 
 
 
 
 
 
Reference Strains Reference Number 
Vibrio fluvialis DSM 19283 
Vibrio mimicus DSM 19130 
Vibrio parahaemolyticus DSM 10027 
Vibrio vulnificus DSM 10143 
Vibrio alginolyticus DSM 2171 
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3.6 Molecular confirmation of the presumptive Vibrio species 
Colonies of presumptive Vibrio cultures from nutrient agar plates were picked and suspended in 
200 μl of sterile distilled water and the cells were lysed by boiling at 100 °C for 15 min using an 
AccuBlock (Digital dry bath, Labnet) as described  by previously Maugeri et al. (2006). The cell 
debris were removed by centrifugation at 13,500×g for 5 min using a MiniSpin micro centrifuge 
(Lasec, RSA).  Five microlitre (5 μl) aliquots of the supernatant were used as template DNA in 
polymerase chain reaction (PCR) assays immediately after extraction to confirm the identity of 
the isolates.  All PCR amplifications were performed in the thermal cycler (G-Storm, G504822, 
UK). Set of species specific primers for the PCR identification of the presumptive isolates are 
shown in Table 3.2.   The PCR reaction was carried out in 25μl reaction volume containing 
12.5μl of  2× PCR master mixes (Biolab, NewEngland), 10 pmol of 1μl for each primer (Inaqba, 
SA), 6.5μl of Nuclease free water and 5 μl DNA template. The PCR products were visualized on 
1.5% agarose gels stained with 3 𝜇L of ethidium bromide (0.5 mg mL−1) and later visualized in a 
UV light trans-illuminator. 
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Table 3.2  Sets of primers used for identification of the presumptive Vibrio species. 
  
  Target species 
  
Primers 
  
Sequences (5’3’) 
  
Target 
gene 
  
Amplicon 
size (bp) 
  
Reference 
 
All Vibrio genus 
 
 
V.16S-700F 
V.16s-1325R 
CGG TGA AAT GCG TAG AGA T 
TTA CTA GCG ATT CCG AGT TC 
 
16SrRNA 
 
663 
 
 
 
(Kwok et al., 2002) 
 
Vibrio 
cholerae 
Vc.ompWF 
Vc.ompWR 
CACCAAGAAGGTGACTTTATTGTG 
GGTTTGTCGAATTAGCTTCACC 
 
ompW 
304 (Nandi et al., 2000) 
Vibrio 
parahaemolyticus 
Vp.flaE-79F 
Vp.flae934R 
ATA CGA GTG GTT GCT GTC ATG 
GTC TTC TGA CGC AAT CGT TG 
 
 
 
flaE 
 
897 
 
(Carvalho et al., 
2016) 
Vibrio 
vulnificus 
Vv.hsp-326F 
Vv.hsp-697R 
GTC TTA AAG CGG TTG CTG C 
CGC TTC AAG TGC TGG TAG AAG 
 
 
 
Hsp60 
 
410 
 
(Wong and Chow, 
2002) 
Vibrio 
fluvialis 
Vf-toxR F 
Vf-toxR R 
GAC CAG GGC TTT GAG GTG GAC 
AGG ATA CGG CAC TTG AGT AAG ACT C 
 
 
toxR 
 
217 
 
(Chakraborty, et 
al., 2006) 
Vibrio mimicus vmh390F 
vmh390R 
GGTAGCCATCAGTCTTATCACG 
ATCGTGTCCCAATACTTCACCG 
vmh 390 (Sultan et al., 
2007) 
 
Vibrio alginolyticus gyrBF 
gyrBR 
 GAGAACCCGACAGAAGCGAAG 
CCTAGTGCGGTGATCAGTGTTG 
gyrB 337 (Zhou et al., 2007) 
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3.7 Antibiotic susceptibility test 
The antibiotic susceptibilities of the identified Vibrio pathogens were carried out using the disc 
diffusion method (Bauer et al. 1966) on Mueller Hinton agar (MHA)  (Biolab, South Africa) 
following recommendation of Clinical and Laboratory Standards Institute (CLSI, 2015). Fresh 
colonies from 18hr old culture on Nutrient Agar plates were picked and suspended in a 10ml 
sterile normal saline. Exactly 0.5 McFarland standards were used to adjust the turbidity of the 
suspension. Sterile swabs were then dipped into the bacterial suspensions and used to inoculate 
the MHA plates by spreading uniformly on the surface of the agar. The plates were left to air dry 
for 5 min after which the antibiotic discs were impregnated on the bacterial lawn using a disc 
dispenser and the plates incubated within ten minutes of bacterial inoculation at 37°C for 16 to 
24 hrs (Hudzicki, 2013). Zones of growth inhibition were measured to the nearest millimeter 
using the caliper and results interpreted according to the guidelines of CLSI for antimicrobial 
susceptibility testing breakpoints for Vibrio species. The selected antibiotics are from different 
classes of antimicrobial agent as representive drugs used in the treatment of Vibrio species 
infections. They are as follows: Amikacin (30 µg), Azithromycin (15 µg), Kanamycin (30 µg), 
Gentamycin (10 µg), Cefotaxime (30 µg), Cefuroxime  (30  µg),  Meropenem  (10  µg),  
Imipenem  (10  µg), Ciprofloxacin (5 µg), Nalidixic acid (30 µg), Nitrofurantoin  (300  µg),  
Chloramphenicol  (30  µg),   Amoxicillin  (20 µg) Clavulanic (10 µg), Ampicillin (10 µg), 
Cotrimoxazole (25 µg), Polymyxin B (300 units), Trimethoprim (5 µg), and Ofloxacin (5 µg). 
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3.8 Statistical methods 
This post hoc exploratory study examined the relationships between concentrations of bacterial 
indicators and a number of physicochemical parameters. Concentrations of Vibrio species were 
compared and contrasted based on differences in sampling location months and physicochemical 
parameters using descriptive statistics. 
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CHAPTER FOUR 
RESULTS 
4.1 Physicochemical qualities of the surface waters and treated effluents 
In this study the physicochemical parameters obtained from two rivers (Tsomo and Great Fish 
river) and final effluents of wastewater treatment plants (WWTPs) (WW-AD and WW-CR) were 
analyzed and compared with recommended standards for domestic water usage and effluent 
discharge. 
The temperature profiles of the Great Fish, Tsomo river, WW-CR WW-AD WWTPs vary 
significantly (P ≤0.05) across all seasons. In the present study the average values of surface 
water temperature obtained in Great Fish river ranges from 12.7 to 23.2 oC while those of Tsomo 
river varies from 13.7 to 20.6 oC (Tables 4.1 and 4.2). The average maximum temperature was 
observed during the summer season while the least was in winter for both rivers all of which 
were generally outside the permissible limit of 25 to 30 oC for domestic water uses (DWAF, 
1996). The average temperature of both treated effluents and their receiving water bodies ranged 
from 12.4 to 26.0 oC for WW-CR and 12.7 to 28.8 oC for WW-AD WWTPs (Table 4.3 and 4.4). 
The peak and the lowest temperatures fall within the spring and winter respectively for obvious 
reason. The treated final effluent in particular ranged from 13.3 to 24.1 oC and this fall below the 
acceptable limit of no risk according to the South African Water Quality Guidelines for 
Domestic Use (DWAF, 1996). 
The average pH values of surface water collected at different sites and season ranged from 7.8 to 
8.1 (Table 4.1), with the lowest and highest values recorded in autumn and summer respectively. 
On the other hand the pH of Tsomo river had the highest average value of 8.1 in autumn and the 
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least 7.6 in the summer (Table 4.2). The pH values obtained in this study were significantly 
different (P ≤0.05). Likewise the mean values of pH of the WW-CR WWTP ranges from 7.6 to 
7.9 and 7.1 to 7.6 for WW-AD WWTP (Tables 4.3 and 4.4) which all fall within the 
recommended acceptable limits (DWAF, 1996). 
The maximum electrical conductivity (EC) was recorded in autumn with 377.69 μs/cm for Great 
Fish river and 298.33 μs/cm in spring for Tsomo river (Tables 4.1 and 4.2). The observed EC 
values are within the acceptable limit of 600 μs/cm for drinking water. The electrical 
conductivities of the water samples generally varied significantly (P ≤0.05) and the treated final 
effluent samples of WW-AD WWTP ranged between 728.13 and 1071.89 μs/cm and 525.73 to 
832.89 μs/cm of WW-CR WWTP (Tables 4.3 and 4.4). Based on the South African guideline for 
conductivity in treated effluent, the observed values exceed the acceptable limit of 700 μs/cm 
(DWARF, 1996).  
The total dissolved solid (TDS) concentration ranged significantly (P ≤0.05) from 122.75 to 
188.14 mg/l  for Great Fish river and 68.88 to 148.50 mg/l for Tsomo river (Table 4.1 and 4.2) 
The average of TDS falls within the acceptable limit of 450 mg/l of TDS for drinking water. 
TDS concentration from treated effluents ranges from 382.89 to 534.89 for WW-AD WWTP and 
262.89 to 416.11 for WW-CR WWTP (Tables 4.3 and 4.4). The highest mean values were 
obtained during winter in WW-AD WWTP which exceeds the general limits of 450 mg/l of TDS 
for treated wastewater effluents (DWAF, 1996c).The salinities of water samples varied from 
0.11 PSU in summer to 0.18 PSU in winter for Great Fish river and 0.06 PSU in autumn to 0.14 
PSU in spring for Tsomo river (Table 4.1 and 4.2). There is no stipulated guideline for 
acceptable limits of salinity in drinking water. Generally, the treated effluents vary between 0.38 
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and 0.53 PSU in WW-AD WWTP and 0.25 to 0.41 PSU for WW-CR WWTP (Tables 4.3 and 
4.4).  
The turbidity for Great Fish river samples varied between 63.11 and 573.22 NTU, while it varied 
between 158.28 and 797.17 NTU for Tsomo River (Tables 4.1 and 4.2). The variations were 
significant (P≤0.05). The turbidity of the treated effluents generally varied throughout the study 
period with the treated final effluent samples ranging from 21.22 to 88.22 mg/l for WW-AD 
WWTP and 20.33 to 310.50 for WW-CR WWTP (Tables 4.3 and 4.4). The turbidity of all the 
water samples from the two rivers exceeds the permissible limit of 0 to 1 NTU for domestic use 
(DWAF 1996). 
The seasonal variation of the total suspended solid (TSS) of Great Fish river were 52.00 mg/l in 
spring; 91.50 mg/l in winter; 182.03 mg/l in autumn and 514.56 mg/l in summer. Also Tsomo 
river exhibits seasonal variation with the highest values in summer (725.19 mg/l) and the least in 
winter (153.25 mg/l). The TSS of the water samples from the different rivers varied significantly 
(P≤0.05). The mean TSS concentration of treated effluents varies from 14.67 mg/l to 82.44 mg/l 
for WW-AD WWTP and 15.89 mg/l to 276.44 mg/l for WW-CR WWTP (Tables 4.3 and 4.4). 
Dissolved oxygen (DO) concentrations varied significantly (P≤0.05) at 7.35 to 9.62 mg/l for 
Great Fish River and 7.08 to 8.86 mg/L for Tsomo River. The mean values of DO content in 
treated effluent varies from 2.18 to 4.32 mg/L for WW-AD WWTP and 4.04 to 8.08 for WW-CR 
WWTP (Tables 4.3 and 4.4). The treated effluent of the WW-AD and WW-CR WWTPs fall 
short of recommended standard of European Union of 5.0-9.0 mg/l (Pearce et al., 1998). 
The average maximum value of biological oxygen demand (BOD) throughout the sampling 
period was 5.67 mg/l in spring and 5.80 mg/l in autumn for Great Fish and Tsomo respectively, 
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whereas the minimum was 4.13 mg/l in summer and 3.30 mg/l in winter (Tables 4.1 and 4.2). 
The BOD of the treated effluents generally varied throughout the study period with the treated 
final effluent samples ranging from 1.28 to 1.88 mg/l for WW-AD WWTP and 3.47 to 4.96 for 
WW-CR WWTP (Tables 4.3 and 4.4). There is no regulatory acceptable limit in South Africa, 
but the European union standard for urban wastewater which requires a 70-90% (2.5 – 7.5 mg/l) 
reduction at a concentration of 25 mg/l O2 (Frost, 2009). The observed BOD of the water 
samples and treated final effluent fall within the European Union permissible limits except the 
treated effluents of WW-AD WWTP that fall short of the recommended acceptable limit.  
The average mean value of free chlorine in the final effluents varied from 0.19 to 0.68 mg/l of 
WW-AD WWTP and 0.00 to 0.05 mg/l of WW-CR WWTP (Tables 4.3 and 4.4).  A general 
limit of 0.25 mg/l and special limit of 0 mg/l were set for free chlorine (DWAF, 2013). The 
chlorine values at the two WWTPs varied significantly (P≤0.05). 
4.2 Vibrio species distribution 
The presumptive Vibrio counts from both rivers and WWTPs are represented in Figures 4.1, 4.2, 
4.3 and 4.4. The Vibrio counts for Great Fish river ranged between 0 and 3.29 log10 CFU/ml with 
the highest observed during the spring, whereas the Tsomo river Vibrio counts varies from 0 to 
3.56 log10 CFU/ml and the maximum counts were recorded during the summer. The presumptive 
Vibrio counts in WW-AD and WW-CR WWTPs ranged from 0 to 3.67 and 0 to 4.42 log10 
CFU/ml with the autumn and spring having the highest Vibrio loads respectively. The Vibrio 
counts recovered from both rivers and WWTPs exceeded the stipulated limit of 1000 CFU/100 
ml for effluent discharged and water quality range for faecal coliforms (DWAF, 1996).   
 
 
62 
 
Table 4.1 Seasonal physicochemical properties and Vibrio densities of Great Fish River 
pH EC ( μs/cm) TDS (mg/l) Salinity (PSU) Temp(℃) Turbidity(NTU) TSS(mg/l) DO(mg/l) BOD(mg/l) Log10CFU/ml 
Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  
   Spring      
8.0a1±0.24  335.67b±16.79  167.67b±8.06    0.16b±0.01  19.4a±1.35  70.00a±26.62  50.78ab±25.73 8.99b±0.34  4.77a±1.95  3.28a±0.79  
8.0a2±0.16  310.44a±20.62  155.44b±10.30  0.15a±0.01  19.8a±1.35  59.56a±30.28  60.56b±19.84  8.71ab±0.48  6.65b±0.57  3.27a±0.75  
8.1a3±0.15  317.33ab±21.26  158.44ab±10.50  0.15a±0.01  19.9a±0.67  56.00a±6.76    35.22b±25.65  8.57a±0.34  5.51ab±0.46  3.27a±0.89  
8.0a4±0.08  320.22ab±20.49  160.00ab±10.25  0.15ab±0.01  19.5a±0.62  66.89a±10.07  61.44b±1.67   8.56a±0.37  5.77ab±1.40  3.33a±0.92  
8.0T±0.16  320.92±21.18  160.39±10.45  0.15±0.01  19.7±0.97 63.11±20.91  52.00±22.51  8.71±0.41  5.67±1.38  3.29±0.80  
   Winter     
8.1a1±0.14  360.56a±128.67  180.00a±64.05  0.17a±0.01  12.2a±1.39  104.56a±19.81 93.89a±21.00  9.77a±0.31  3.98a±0.80  1.94a±0.18 
7.9a2±0.16  365.67a±120.07  182.89a±60.12  0.18a±0.06  12.6a±0.98  93.33a±32.20    91.11a±25.77 9.53a±0.42  4.38a±0.38  2.22a±0.72  
7.9a3±0.24  370.11a±125.97  184.78a±63.45  0.18a±0.06  13.4a±0.87  98.11a±25.69    90.56a±24.70  9.51a±0.62  4.97b±0.28  2.30a±0.71  
7.9a4±0.16  380.33a±121.69  190.33a±61.08  0.18a±0.06  12.6a±1.52  110.00a±43.21  92.22a±36.77  9.65a±0.38  5.04b±0.77  2.08a±0.76  
8.0 T ±0.18  369.17±118.94  184.50±59.59  0.18±0.06  12.7±1.25  101.50±30.75  91.94±26.51  9.62±0.44  4.59±0.73  2.14±0.63  
 
 
  Autumn     
7.9a1±0.26  293.33a±38.25  143.67a±13.82  0.14a±0.01  17.4a±3.03  207.00b±85.29  183.22ab±83.31  8.57a±0.53  4.14a±1.14  2.70a±0.10  
8.5c2±0.24  612.78b±456.78 306.33b±228.22  0.30b±0.23  19.2a±5.73  103.11a±69.64  107.67a±80.13  9.54b±1.35  5.54b±1.73  3.07a±0.47  
8.2b3±0.24  296.00a±35.37  147.89a±17.48  0.14a±0.02  17.6a±2.62  234.67b±83.47  219.22b±82.32  8.23b±0.32  5.75b±0.46  2.79a±0.08  
7.9a4±0.12  308.67a±43.61  154.67a±22.37  0.15a±0.02  17.6a±3.25  231.56b±87.91  218.00ab±91.04  8.48ab±0.59  5.37ab±1.16  3.02a±0.67  
8.1T±0.32  377.69±260.18  188.14±130.15  0.18±0.13  18.0±3.76  194.08±95.32  182.03±92.78  8.70±0.92  5.20±1.38  2.89±0.43  
   Summer      
7.7a1±0.17  240.78a±44.52  120.89a±21.80  0.11a±0.02  23.8b±1.09  501.89a±203.13  409.22a±240.40  6.84a±0.51  4.00a±2.08  2.93a±0.25  
7.8a2±0.15  246.00a±34.22  122.78a±17.04  0.12a±0.02  23.0ab±0.73  606.78a±145.17) 568.89a±139.16  7.56b±0.11   4.21a±2.55  3.69b±0.32  
7.8a3±0.28  246.44a±32.99  123.22a±16.50  0.12a±0.02  23.1ab±0.69  605.11a±136.79  560.00a±153.29  7.60b±0.20  4.05a±2.01  3.27ab±0.69  
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Values with differing superscript letter(s) along the column for each season are significantly different (P≤0.05). Numeric superscript indicates the sampling sites across 
corresponding row as follows:  1 = Marlow Agricultural School; 2 = Cradock Township; 3 = Halesowen Experimental farm; 4 = Daggaboer Farm Stall; T = total average 
of each parameter.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7.8a4±0.09  226.56a±9.76   124.11a±18.92  0.11a±0.01  22.8a±0.78  578.44a±134.42  520.11a±143.26  7.37b±0.18  4.25a±2.15  3.52b±0.75  
7.8 T ±0.18  239.94±32.52  122.75±17.90  0.11±0.01  23.2±0.89  573.06±156.59  514.56±178.46  7.35±0.42  4.13±2.11  3.35±0.60  
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Table 4.2   Seasonal physicochemical properties and Vibrio densities of Tsomo river 
pH EC (μs/cm) TDS (mg/l) Salinity (PSU) Temp.(oC) Turbidity(NTU) TSS(mg/l) DO(mg/l) BOD(mg/l) Log10CFU/ml 
Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  
   
Spring  
  
 
 8.0c1±0.01  126.00a±13.74  63.00a±6.72  0.06a±0.01  18.2a±1.41  223.67b±7.53  191.00b±16.95  7.77b±0.45  4.65b±0.85  3.36a±0.32  
7.7b2±0.11   133.50ab±1.22    66.50a±0.55  0.06a±0.00  19.0a±1.45  287.83c±65.24  262.33c±51.89  8.39b±0.34  5.34b±1.62  3.36a±0.38  
7.6a3±0.02   786.50c±26.78  390.83b±15.66  0.38b±0.02  18.3a±1.35  15.83a±8.86  20.17a±7.83  4.04a±0.95  1.95a±0.27  3.79a±0.78  
8.1d4±0.03   147.33b±9.56   73.67a±4.37  0.07a±0.01  17.8a±0.44  286.67c±39.89  251.00c±34.36  8.11b±0.23  4.85a±0.72  3.52a±0.43  
7.8 T ±0.21   298.33±288.39 148.50±143.21  0.14±0.14  18.3±1.24  203.50±119.39  181.13±103.42  7.08±1.88  4.20±1.64  3.51±0.51  
   Winter      
8.0c1±0.15  165.00a±19.51  82.33a±9.71  0.08a±0.01  13.2a±3.38  157.56ab±35.27  152.22ab±15.15  9.73b±0.033  3.06a±0.78  1.88a±1.41  
7.8b2±0.10   185.78a±21.66  92.78a±10.88  0.09a±0.01  13.5a±2.47  185.67b±12.65  176.22b±10.31  9.69b±0.43  3.59a±1.68  1.59a±1.22  
7.5a3±0.10  287.00b±130.66  142.22b±63.73  0.14b±0.06  13.6a±2.81  125.78a±82.88  127.33a±83.83  7.01a±3.65  3.15a±1.91  4.40b±0.83  
7.8b4±0.18  190.78a±13.47  95.89a±6.79  0.09a±0.01  14.4a±1.96  164.11ab±49.71  157.22ab±23.27  9.02b±0.66  3.39a±1.89  2.62a±0.46  
7.8 T ±0.22  207.14±8.13  103.31±39.15  0.10±0.04  13.7±2.62  158.28±54.12  153.25±46.04 8.86±2.12  3.30±1.58  2.62±1.49  
   Autumn     
8.1c1±0.08 132.67a±8.38 66.5a±4.14  0.06a±0.00   18.9a±0.67  256.83a±53.87  231.00a±57.35  8.25a±0.20  5.21a±1.69   2.65a±0.23  
7.6a2±0.19 139.50a±13.50 70.00a±6.26  0.07a±0.01   18.9a±0.58  314.17a±79.45   282.67a±79.27  8.53b±0.24  5.71a±1.99  2.80a±0.14  
8.0b3±0.14 137.50a±9.69 68.67a±4.76  0.07a±0.01   18.2a±0.72  319.67a±115.83  307.00a±8.40   8.36ab±0.04  6.08a±1.61  3.94a±0.07  
8.3d4±0.08 141.33a±6.15 70.33a±2.66  0.07a±0.01  18.7a±0.47  381.17a±121.06   377.17a±104.28  8.36ab±0.12  6.21a±1.19   2.85a±0.30  
8.0 T ±0.29 137.75±9.72 68.88±4.59  0.06±0.01   18.7±0.65   317.96±100.64  289.46±86.18   8.37±0.19  5.80±1.58   3.06±0.56  
   Summer     
7.7c1±0.15  128.22a±19.95  63.67a±10.05  0.06a±0.01  20.5a±3.31  743.11a± 249.98  706.89a±229.65  7.91a±0.62  5.26a±2.29  2.74a±0.52  
7.4a2±0.14  150.78a±27.35  75.22a±16.56  0.07a±0.02  20.9a±2.53  876.00a±189.28   802.89a±152.93  7.38a±1.58  5.00a±0.39  4.02b±0.71) 
7.6ab3±0.19  259.78b±78.46  129.89b±39.18 0.12b±0.04  20.9a±3.69  716.11a±59.78     686.00a±82.13       6.89a±1.29  5.21a±0.53  3.86b±0.52  
7.6bc4±0.19   145.33a±23.32  72.89a±11.44  0.07a±0.01  20.3a±1.99  853.44a±116.36   705.00a±82.75     7.71a±0.30  5.57a±0.68  3.60b±0.41  
7.6 T ±0.20  171.03±67.56  85.42±33.81  0.08±0.03  20.6±2.84  797.17±176.74   725.19±150.48   7.47±1.10  5.26±1.20  3.56±0.73  
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Values with differing superscript letter(s) along the column for each season are significantly different (P≤0.05). Numeric superscript indicates the sampling sites across 
corresponding row as follows:  1 = Phukwana Village; 2 = Tsomo water treatment works; 3 = Tsomo Township; 4 = Kwajara Village; T = total average of each 
parameter.  
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TABLE 4.3 Seasonal physicochemical properties and Vibrio densities of WW-AD and WW-CR WWTPs 
pH EC (μs/cm) TDS (mg/l) 
Salinity 
(PSU) Temp.(℃) Turbidity(NTU) TSS(mg/l) DO(mg/l) 
FreeCL 
(mg/l) 
BOD 
(mg/l) Log10CFU/ml 
Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  
   Spring      
7.8b1±0.16  425.11b±248.11  212.44b±124.13  0.20b±0.13  28.8a±0.90  484.89bc±433.32  462.44bc±407.67  7.23b±1.38  0.00a±0.00  6.01d±0.63  2.88a±0.53  
7.1a2±0.15  795.00d±92.27   408.56d±48.82  0.40c±0.07  23.8a±1.43 39.44a±47.96  30.11a±42.68   4.37a±0.36  0.42c±0.20  1.88a±0.39  3.60c±0.23  
7.7b3±0.19  452.67bc±249.30  226.11bc±124.73  0.22b±0.12 23.9a±1.32  352.56bc±252.61  334.89bc±240.08  6.62b±1.41  0.22b±0.09  4.77c±0.59  3.09ab±0.50  
7.9b4±0.09  248.11a±33.71  124.00a±16.65  0.12a±0.01  23.2a±0.98  607.00c±127.70  575.22c±150.25  7.48b±0.19  0.00a±0.00  3.51b±1.81  3.49bc±0.64  
7.8b5±0.08 576.89c±13.45  288.44c±6.91  0.28b±0.01  26.0b±2.03 310.50b±360.55  276.44ab±349.60   4.40a±1.57  0.05a±0.07 3.47b±1.76 4.42d±0.37  
7.8b6±0.18  277.44a±17.83  136.44a±10.56  0.13a±0.01  24.0a±1.67  616.33c±156.82  531.00bc±196.59  6.79b±0.71  0.00a±0.00  4.05bc±0.21  3.50bc±0.30  
7.7 T ±0.29 462.54±234.73  232.67±120.56  0.22±0.12  24.1±1.63  403.51±322.06  368.35±309.95   6.15±1.65  0.12±0.18  3.95±1.66  3.50±0.65  
    Autumn       
7.7c1±0.43  868.33c±647.68  567.44d±128.73  0.57d±0.14  17.9a±3.64  49.56a±22.95  41.44a±18.37  8.84c±0.79  0.00a±0.00  5.59c±1.60  2.67a±0.23  
7.1a2±0.23  765.56bc±78.28   382.89c±39.00   0.38c±0.04  19.5a±2.96  21.22a±7.36  14.67a±8.93  3.56a±0.85  0.68b±0.24  1.78a±0.17  3.67b±0.38  
7.3ab3±0.39 824.11c±87.88  412.00c±43.69  0.41c±0.04  18.7a±4.48  27.89a±9.88  24.00a±9.75  6.36b±1.27  0.06a±0.08  4.25bc±1.19  3.05a±0.21  
8.1d4±0.11  289.56a±28.93  144.78a±14.23  0.14a±0.02  17.4a±2.75  122.00b±84.63  198.00b±72.13  8.86c±0.51 0.00a±0.00  4.32bc±2.35  3.01a±0.52  
7.6bc5±0.16  525.78ab±19.16  262.89b±9.71    0.25b±0.01  21.3a±4.58  21.44a±6.69  15.89a±4.48  6.14b±1.83  0.00a±0.00  3.84b±2.15  4.21c±0.64  
8.2d6±0.43  298.44a±30.24  149.44a±15.27  0.14a±0.01  18.2a±3.38  203.44c±89.98  202.11b±76.32  8.12c±0.42  0.00a±0.00  4.43bc±0.88  3.76bc±0.82 
7.7 T ±0.50  595.30±351.94  319.91±162.21  0.31±0.17  18.8±3.76  74.26±83.99  82.69±94.03  6.95±2.12  0.12±0.27  4.04±1.89  3.40±0.72  
Values with differing superscript letter(s) along the column for each season are significantly different (P≤0.05). Numeric superscript indicates the sampling sites across 
corresponding row as follows:  1 = WW-AD Upstream; 2 = WW-AD Effluent; 3 = WW-AD Downstream; 4 = WW-CR Upstream; 5 = WW-CR Effluent; WW-CR 
Downstream; T = total average of each parameter.  
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TABLE 4.4  Seasonal physicochemical properties and Vibrio densities of WW-AD and WW-CR WWTPs continues 
pH 
EC  
(μs/cm) 
TDS 
(mg/l) 
Salinity 
(PSU) 
Temp. 
(℃) 
Turbidity 
(NTU) 
TSS 
(mg/l) 
DO 
(mg/l) 
FreeCL 
(mg/l) 
BOD 
(mg/l) Log10CFU/ml 
Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  Mean±SD  
Winter 
7.8bc1±0.20  1056.11c±357.20  527.56bc±178.64  0.53bc±0.18  12.7a±3.18  127.14b±137.14  120.33b±131.55  10.55d±2.28  0.00a±0.00  4.49a±1.03  2.57a±0.46  
7.3a2±0.22  1071.89bc±169.27  534.89bc±85.60  0.53bc±0.09  13.9a±1.91  88.22b±19.46  82.44ab±35.10  2.18a±0.46  0.19b±0.28 1.46a±0.36  3.62c±0.28  
7.3a3±0.06  1122.33bc±121.84  561.78c±61.60  0.56c±0.07  13.6a±2.52  75.44ab±55.80  63.89ab±56.10  5.58b±1.06  0.07ab±0.11  2.84a±0.36  2.95b±0.29  
7.9c4±0.19  359.11a±117.20  179.22a±59.35  0.17a±0.06  12.4a±1.69  92.00b±31.50  88.56b±28.56  8.82cd±3.33  0.00a±0.00  449.40a±136..35  2.55a±0.32  
7.8b5±0.18  832.89b±407.54  416.11b±203.77  0.41b±0.21  14.4a±0.87  20.33a±8.09   21.11a±8.92  8.08c±0.90  0.00a±0.00  4.96a±1.65  3.55c±0.42  
7.9c6±0.30  375.00a±127.27  187.22a±63.45  0.18a±0.06  12.9a±1.13  72.44ab±44.58  75.33ab±33.70  9.17cd±0.76  0.00a±0.00  4.21a±0.12  3.32c±0.36  
7.6 T ±0.32  802.89±400.75  401.13±200.52  0.40±0.21  13.3±2.07  79.35±69.75  75.28±66.96  7.40±3.27  0.00±0.00  77.89±545.61  3.09±0.56  
     Summer       
8.1bc1±0.46  560.89ab±438.75  279.89ab±219.32  0.27ab±0.22  19.2ab±1.45  48.44ab±15.70    34.33a±25.87  10.29d±2.19  0.00 5.47c±0.19  2.77b±0.17   
7.6a2±0.06  728.13b±280.80  409.00c±38.95    0.40c±0.04  20.0ab±0.49  69.67b±12.76     46.00a±21.32  2.84a±0.73   0.00 1.28a±0.37  3.63d±0.30   
7.9b3±0.33  645.78b±432.84  322.89bc±216.63  0.32bc±0.22  17.7a±5.93  118.11c±61.42  98.78b±71.10  6.34b±2.05  0.00 4.04b±0.80  3.13c±0.32   
8.2c4±0.18  326.89a±9.70      163.44a±4.93      0.16a±0.01  19.1ab±1.44  64.78b±17.80     49.11a±21.44  8.83c±0.09  0.00 4.27bc±1.80  2.52a±0.29   
7.9bc5±0.22  546.33ab±43.83   273.11ab±21.96     0.26ab±0.02  21.0b±1.54 33.44a±10.96    17.33a±13.52  5.49b±1.79  0.00 3.91b±2.12  3.99e±0.17   
8.2bc6±0.33  319.44a±23.31    159.67a±11.95     0.15a±0.01  20.2ab±0.62) 47.33ab±6.96      29.00a±21.05  8.58c±1.06  0.00 4.97bc±0.81  3.02c±0.23   
8.0 T ±0.35  521.24±305.33  268.00±149.79  0.26±0.15  19.5±2.74  63.63±38.13    45.76±42.22  7.06±2.88  0.00 3.99±1.79  3.18±0.56   
Values with differing superscript letter(s) along the column for each season are significantly different (P≤0.05). Numeric superscript indicates the sampling sites across 
corresponding row as follows:  1 = WW-AD Upstream; 2 = WW-AD Effluent; 3 = WW-AD Downstream; 4 = WW-CR Upstream; 5 = WW-CR Effluent; WW-CR 
Downstream; T = total average of each parameter.  
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4.3 Correlation of Vibrio density and physicochemical parameters in surface waters and 
treated effluents. 
The correlation between Vibrio density and physicochemical parameters of WW-CR and WW-
AD WWTPs are presented in Table 4.5. Vibrio density exhibited positive significant correlation 
with electrical conductivity, total dissolved solid, salinity and temperature (r = 0.215, 0.216, 
0.214, 0.215, P < 0.01, respectively) at WW-CR WWTPs. Also, Vibrio density has negative 
relationship with pH (r = -0.220, P < 0.01) and dissolved oxygen (r =-0.304, P < 0.01). Vibrio 
density showed no significant correlation with turbidity, total suspended solid, biological oxygen 
demand and free chlorine. Similarly in WW-AD WWTPs negative relationship exist between 
Vibrio density and pH, dissolved oxygen and biological oxygen demand (r = -0.396, -0.620, -
0.579 at P < 0.01, respectively). Positive dependency was observed between Vibrio density and 
free chlorine (r = 0.579 at P < 0.01, respectively), while insignificant relationship exist between 
Vibrio density with electrical conductivity, total dissolved solid, turbidity, total suspended solid, 
salinity and temperature. 
The correlation between Vibrio density and physicochemical parameters of Great Fish River and 
Tsomo River are presented in Table 4.5. The Vibrio density showed positive relationship 
between temperature, turbidity, total suspended solid, biological oxygen demand (r = 0.398, 
0.275, 0.276, 0.203 at P < 0.01, respectively) at Great Fish river. Inaddition, negative correlation 
was observed between Vibrio density and pH (r = -0.303, P < 0.01) and dissolved oxygen (r = -
0.278, P < 0.01). Furthermore, insignificant dependency exists between Vibrio density with 
electrical conductivity, total dissolved solid and salinity. Also, there exist negative correlation 
between Vibrio density and pH (r = -0.361, P < 0.01) in Tsomo river, while insignificant 
relationship was observed between Vibrio density and other physicochemical parameters. 
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Table 4.5   Correlation between Vibrio density and physicochemical parameters in WW-CR and 
WW-AD WWTPs. 
 
WW-CR  WW-AD 
Parameters  r Value p Value  r Value p Value 
pH -.220* 0.022  -.396** <0.001 
EC (μs/cm) .215* 0.025  0.052 0.59 
TDS (mg/l) .216* 0.025  0.05 0.604 
Salinity (PSU) .214* 0.026  0.05 0.61 
Temp (℃) .215* 0.025  0.109 0.26 
Turbidity (NTU) 0.146 0.135  -0.008 0.937 
TSS (mg/l) 0.144 0.136  -0.021 0.829 
DO (mg/l) -.304** 0.001  -.620** <0.001 
Free Cl2 (mg/l) 0.002 0.98  .596** <0.001 
BOD (mg/l) -0.042 0.664  -.579** <0.001 
* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 
level (2-tailed).     
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Table 4.6  Correlation analysis output for Vibrio density and physicochemical parameter of  
Great Fish  and  Tsomo  river. 
 
Great Fish river  Tsomo river 
parameters r Value p Value  r Value p Value 
pH -.303** <0.001  -.361** <0.001 
EC -0.082 0.326  0.111 0.226 
TDS -0.086 0.303  0.111 0.228 
Salinity -0.085 0.31  0.113 0.22 
Temp .398** <0.001  -0.057 0.533 
Turbidity .275** 0.001  0.117 0.203 
TSS .276** 0.001  0.125 0.175 
DO -.278** 0.001  -0.086 0.351 
BOD .203* 0.015  -0.021 0.817 
* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 
level (2-tailed).     
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4.4 Molecular confirmation of Vibrio species 
A total of 520 presumptive Vibrio isolated were screened for confirmation as members of the 
Vibrio genus of which 424 were positive as shown in Table 4.5. Of these, 21.69% were 
confirmed to be V. cholerae, while 11.79%, 8.25% and 2.12% were confirmed to be V. mimicus, 
V. parahaemolyticus and V. fluvialis respectively. Figures 4.1 to 4.5 show the gel electrophoresis 
picture of the PCR products of representative positive isolates for the speciation assays. 
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Table 4.7 Relative abundance of the Vibrio genus and four key Vibrio species in the WWTPs 
effluents and River samples. 
 
 
 
 
 
 
 
Water sample 
sources 
 
Total 
number of 
Presumptive 
Vibrio 
isolates 
 
Vibrio genus 
 
 V. cholerae 
 
V. 
parahaemolyticus  
 
V. mimicus 
 
V. fluvialis 
 
WW-AD 
WWTP 
 
 
112 
 
87 
(77%) 
 
13 
(14.9%) 
 
9  
(10.34%) 
 
6 
(6.89%) 
 
5  
(5.74%) 
 
WW-CR 
WWTP 
 
123 
 
106  
(86.17%) 
 
18  
(16.98%) 
 
13  
(14.9%) 
 
12  
(11.32%) 
 
0 
 
Tsomo river 
 
 
109 
 
89  
(81.65%) 
 
23  
(25.84%) 
 
7 
(7.86%) 
 
12 
(13.48%) 
 
4 
(4.49%) 
 
Great Fish  
river 
 
176 
 
142 
 (80.68%) 
 
38 
(26.76%) 
 
6 
(4.23%) 
 
20 
(14.08%) 
 
0 
 
Total 
 
520 
 
424  
(81.54%) 
 
92  
(21.69%) 
 
35  
(8.25%) 
 
50  
(11.79%) 
 
9  
(2.12%) 
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         L        PC    NC      1        2         3         4       5         6         7       8         9        10 
 
Figure 4.1 : PCR products of the amplification 16S rRNA for Vibrio genus.  
L: molecular weight marker (100 bp); NC: negative control; lanes 1-10: positive isolates. 
 
 
    L        PC     NC      1        2        3        4       5         6         7       8         9       10      11 
 
 
Figure 4.2 : PCR products of the amplification ompW gene for V. cholerae 
L: molecular weight marker (100 bp); NC: negative control; lanes 1-11: positive isolates.  
 
 
 
 
 
 
 
 
663bp 
304bp 
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            L            PC         NC               1               2               3                4              5          
 
Figure 4.3: PCR products of the amplification flaE gene for V. parahaemolyticus  
L: molecular weight marker (100 bp); PC: positive control (DSM 10027 ̶ V. parahaemolyticus); NC: 
negative control; lanes 1-5: positive isolates. 
 
 
    L      NC 1 2 3 4 5       6          7          8 9 10 11 12    
       
 
Figure 4.4: PCR products of the amplification vhm gene for V. mimicus 
L: molecular weight marker (100 bp); PC: positive control (DSM 19130 ̶ V. mimicus); NC: negative 
control; lanes 1-12: positive isolates. 
 
 
 
 
 
897bp 
390bp 
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L            PC           NC               1            2            3                4              5          
 
Figure 4.5: PCR products of the amplification toxR gene for V. fluvialis 
L: molecular weight marker (100 bp); PC: positive control (DSM 19283 ̶ V. fluvialis); NC: negative 
control; lanes 1-5: positive isolates. 
 
 
 
 
 
 
 
 
217bp 
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4.5 Antibiotic susceptibility test 
Three hundred and sixty confirmed Vibrio species, randomly selected from a pool of 424 
confirmed Vibrio isolates recovered from the WWTPs effluents and rivers, were subjected to 
antibiogram profiling against a panel of 18 different antibiotics. High sensitivities were detected 
against Cefuroxime (81.93%), Ciprofloxacin (74.70%) and Ofloxacin (85.54 %). High rate of 
resistance were also observed against Amoxicillin-Clavulanic Acid (54.17%), Ampicillin 
(63.54), Nitrofurantoin (71.79%) and Polymyxin B (97.44%). The susceptibility and resistance 
patterns observed against all antibiotics tested are shown in Figures 4.6 to 4.9. 
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Figure 4.6  Antibiotic susceptibility profiles of confirmed Vibrio species from Tsomo River.   
Ak = Amikacin , NA= Nalidixic Acid, K = Kanamycin, GM = Gentamicin, ATH = Azithromycin, MEM 
= Meropenem, CTX = Cefotaxime, CXM  = Cefuroxime, TS = Trimethoprim-Sulfamethoxazole,  NI  = 
Nitrofurantoin, PB = Polymyxin B, IMI = Imipenem, TM  =Trimethroprim, AP = Ampicillin, AUG =  
Amoxicillin Clavulanic Acid, CIP = ciprofloxacin, C = Chloramphenicol, OFX  = Ofloxacin. 
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Figure 4.7 Antibiotic susceptibility profiles of confirmed Vibrio species from Great Fish River.   
Ak = Amikacin , NA= Nalidixic Acid, K = Kanamycin, GM = Gentamicin, ATH = Azithromycin, MEM 
= Meropenem, CTX = Cefotaxime, CXM  = Cefuroxime, TS = Trimethoprim-Sulfamethoxazole,  NI  = 
Nitrofurantoin, PB = Polymyxin B, IMI = Imipenem, TM  =Trimethroprim, AP = Ampicillin, AUG =  
Amoxicillin Clavulanic Acid, CIP = ciprofloxacin, C = Chloramphenicol, OFX  = Ofloxacin 
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Figure 4.8 Antibiotic susceptibility profiles of confirmed Vibrio species from WW-AD WWTP.  
 Ak = Amikacin , NA= Nalidixic Acid, K = Kanamycin, GM = Gentamicin, ATH = Azithromycin, MEM 
= Meropenem, CTX = Cefotaxime, CXM  = Cefuroxime, TS = Trimethoprim-Sulfamethoxazole,  NI  = 
Nitrofurantoin, PB = Polymyxin B, IMI = Imipenem, TM  =Trimethroprim, AP = Ampicillin, AUG =  
Amoxicillin Clavulanic Acid, CIP = ciprofloxacin, C = Chloramphenicol, OFX  = Ofloxacin 
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Figure 4.9  Antibiotic susceptibility profiles of confirmed Vibrio species from WW-CR WWTP.   
Ak = Amikacin , NA= Nalidixic Acid, K = Kanamycin, GM = Gentamicin, ATH = Azithromycin, MEM 
= Meropenem, CTX = Cefotaxime, CXM  = Cefuroxime, TS = Trimethoprim-Sulfamethoxazole,  NI  = 
Nitrofurantoin, PB = Polymyxin B, IMI = Imipenem, TM  =Trimethroprim, AP = Ampicillin, AUG =  
Amoxicillin Clavulanic Acid, CIP = ciprofloxacin, C = Chloramphenicol, OFX  = Ofloxacin 
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4.6 Multiple antibiotic resistance phenotypes and indices (MARP and MARI) 
In this study, the multiple antibiotic resistance phenotypes show that 86.11% of Vibrio isolates 
displayed resistance against three or more antimicrobial agents. The frequency of MARPs ranged 
between 3.77 - 21.43%, 4.90 - 11.4%, 4 - 24% and 1.49 - 19.4 in Tsomo river, Great Fish river, 
WW-AD WWTP and WW-CR WWTP respectively. The degrees of MARPs prevalence across 
selected rivers and WWTPs are shown in Figure 4.10 to 4.12.  The multiple antibiotic resistant 
phenotypes (MARPs) and multiple antibiotic resistance indices (MARI) of the Vibrio isolates 
signifies the number of antimicrobials, resistance patterns and frequencies obtained in all the 
sampling sites presented in Table 4.8 to 4.14. freshwater and WWTPs the MARI is observed 
exceeding the stipulated maximum value of 0.2, this suggest high risk source of contamination 
(Letchumanan et al., 2015). 
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Figure 4.10  Frequency pattern of multiple antibiotic resistance phenotypes of Vibrio pathogens 
from Tsomo River. 
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Figure 4.11 Frequency pattern of multiple antibiotic resistance phenotypes of Vibrio pathogens 
from Great Fish River. 
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Figure 4.12  Frequency pattern of multiple antibiotic resistance phenotypes of Vibrio pathogens 
from WW- ADE and WW-CR WWTPs. 
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Table 4.8   Profiles of multiple antibiotic resistance phenotypes (MARPs) of  Vibrio pathogens from Tsomo River. 
Phukwana Village (Point One) Tsomo WTW (Point Two) 
NOA Resistance  Pattern F MARI NOA Resistance  Pattern F MARI 
3 CTX-PB-AP 1 0.167 4 PB-IMI-AP-AUG 1 0.222 
 PB-TM-AP 1 0.167  AK-PB-IMI-AP 1 0.222 
 PB-AP-AUG 1 0.167  AK-NA-ATH-AP 1 0.222 
4 AK-NA-NI-PB 1 0.222 5 MEM-NI-PB-IMI-OFX 1 0.278 
 CXM-NI-PB-AUG 1 0.222  AK-NA-ATH-NI-0PB 1 0.278 
5 MEM-CTX-PB-AP-AUG 1 0.278  NA-CTX-NI-PB-IMI 1 0.278 
 NA-TS-PB-TM-AP 1 0.278 6 NA-CTX-CXM-PB-AP-AUG 1 0.333 
6 AK-K-NI-PB-IMI-AUG 2 0.333 7 ATH-TS-NI-PB-IMI-TM-AUG 1 0.389 
 AK-K-GM-NI-PB-IMI 1 0.333 8 AK-K-MEM-CTX-NI-PB-IMI-AUG 1 0.444 
 NA-ATH-TS-NI-TM-AP 1 0.333 9 AK-K-GM-MEM-CTX-NI-PB-IMI-AUG 1 0.500 
7 AK-K-NI-PB-IMI-AP-AUG 1 0.389 10 AK-NA-ATH-TS-NI-PB-IMI-TM-AUG-C 1 0.556 
 NA-ATH-CTX-NI-PB-TM-C 1 0.389  NA-ATH-TS-NI-PB-IMI-TM-AP-C-OFX 1 0.556 
8 AK-K-GM-MEM-NI-PB-IMI-AUG 1 0.444     
 AK-K-MEM-CTX-NI-PB-IMI-AUG 1 0.444     
10 AK-K-MEM-NI-PB-IMI-AP-AUG-CIP-OFX 1 0.556     
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NOA- Number of antibiotics, F: Frequency, Ak = Amikacin, NA = Nalidixic Acid, K = Kanamycin, GM = Gentamicin, ATH = 
Azithromycin, MEM = Meropenem, CTX = Cefotaxime, CXM = Cefuroxime, TS = Trimethoprim-Sulfamethoxazole, NI = 
Nitrofurantoin, PB = Polymyxin B, IMI = Imipenem, TM = Trimethroprim , AP = Ampicillin, AUG =  Amoxicillin Clavulanic Acid, 
CIP = ciprofloxacin, C = Chloramphenicol, OFX = Ofloxacin . 
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Table 4.9  Profiles of multiple antibiotic resistance phenotypes (MARPs) of Vibrio pathogens  from Tsomo River continues 
Tsomo Township (Point Three) Kwajara Village (Point Four) 
NOA Antibiotics  Pattern F MARI NOA Antibiotics  Pattern F MARI 
3 CTX-PB-AP 1 0.167 3 PB-TM-AP 1 0.167 
 PB-AP-AUG 1 0.167 4 CXM-NI-PB-AUG 1 0.222 
4 AK-NA-ATH-AP 1 0.222  AK-NA-NI-PB 1 0.222 
 AK-PB-IMI-AP 1 0.222  NA-CTX-PB-OFX 1 0.222 
 NA-ATH-NI-PB 2 0.222 5 NA-TS-PB-TM-AP 1 0.278 
 PB-IMI-AP-AUG 1 0.222  MEM-CTX-PB-AP-AUG 1 0.278 
5 NA-CTX-NI-PB-IMI 1 0.278  MEM-NI-PB-IMI-OFX 1 0.278 
6 NA-ATH-TS-NI-TM-AP 1 0.333  AK-NA-ATH-NI-PB 1 0.278 
 NA-CTX-CXM-PB-AP-AUG 1 0.333 6 AK-K-NI-PB-IMI-AUG 2 0.333 
 AK-ATH-TS-PB-AP-CIP 1 0.333  AK-K-GM-NI-PB-IMI 1 0.333 
7 ATH-TS-NI-PB-IMI-TM-AUG 1 0.389  AK-ATH- TS-PB-AP-CIP 1 0.333 
10 AK-K-MEM-NI-PB-IMI-AP-AUG-CIP-OFX 1 0.556 7 NA-ATH-CTX-NI-PB-TM-C 1 0.389 
 NA-ATH-TS-NI-PB-IMI-TM-AP-C-OFX 1 0.556  AK-K-NI-PB-IMI-AP-AUG 1 0.389 
 AK-NA-ATH-TS-NI-PB-IMI-TM-AUG-C 1 0.556 8 AK-K-GM-MEM-NI-PB-IMI-AUG 1 0.444 
    9 AK-K-GM-MEM-CTX-NI-PB-IMI-AUG 1 0.500 
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NOA- Number of antibiotics, F: Frequency, Ak = Amikacin, NA = Nalidixic Acid, K = Kanamycin, GM = Gentamicin, ATH = 
Azithromycin, MEM = Meropenem, CTX = Cefotaxime, CXM = Cefuroxime, TS = Trimethoprim-Sulfamethoxazole, NI = 
Nitrofurantoin, PB = Polymyxin B, IMI = Imipenem, TM = Trimethroprim , AP = Ampicillin, AUG =  Amoxicillin Clavulanic Acid, 
CIP = ciprofloxacin, C = Chloramphenicol, OFX = Ofloxacin . 
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Table 4.10 Profiles of multiple antibiotic resistance phenotypes (MARPs) of Vibrio pathogens  from Great Fish  River  
Marlow GS (Point One) Cradock Township (Point Two) 
NOA Resistance Pattern F MARI NOA Resistance Pattern F MARI 
3 NI-PB-IMI 1 0.167 3 ATH-CTX-TS 1 0.167 
 ATH-CTX-TS 1 0.167 5 AK-ATH-TS-PB-OFX 1 0.278 
 K-NI-PB 1 0.167  ATH-CTX-PB-AP-AUG 1 0.278 
4 NA-NI-PB-TM 1 0.222  CTX-CXM-NI-PB-C 2 0.278 
 AK-NA-PB-TM 1 0.222  NA-CTX-NI-PB-CIP 1 0.278 
5 NA-CTX-NI-PB-TM 1 0.278 6 AK-ATH-CTX-PB-AP-AUG 1 0.333 
 AK-ATH-TS-PB-OFX 1 0.278  AK-MEM-NI-PB-TM-C 1 0.333 
6 AK-K-ATH-NI-PB-IMI 1 0.333  AK-NA-CTX-NI-PB-AUG 1 0.333 
 AK-MEM-CTX-NI-PB-IMI 1 0.333  K-NI-PB-IMI-AP-AUG 1 0.333 
 AK-NA-K-PB-TM-C 1 0.333  MEM-TS-NI-PB-IMI-TM 1 0.333 
 ATH-MEM-NI-PB-IMI-AUG 1 0.333  NA-CTX-CXM-NI-PB-C 1 0.333 
 K-NI-PB-IMI-AP-AUG 1 0.333 7 AK-K-CTX-PB-IMI-AP-AUG 2 0.389 
 MEM-NI-PB-IMI-AP-AUG 1 0.333  GM-TS-NI-PB-TM-AP-AUG 1 0.389 
7 AK-K-GM-CTX-NI-PB-IMI 1 0.389 8 GM-TS-NI-PB-IMI-AP-AUG-CIP 1 0.444 
8 AK-K-M-MEM,NI-PB-IMI-AUG 1 0.444  AK-K-GM-MEM-NI-PB-IMI-AUG 1 0.444 
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 AK-K-MEM-NI-PB-IMI-AP-AUG 1 0.444 9 CTX-CXM-NI-PB-IMI-TM-AP-AUG-C 1 0.500 
9 K-GM-MEM-CTX-NI-PB-IMI-AP-AUG 1 0.500  AK-K-GM-MEMCTX-NI-PB-IMI-AUG 1 0.500 
10 AK-GM-ATH-MEM-CTX-CXM-NI-PB-IMI-AUG 1 0.556 10 AK-K-GM-MEM-TM-NI-IMI-TM-AP-AUG 1 0.556 
 AK-NA-K-ATH-MEM-CTX-TS-NI-PB-TM 1 0.556 11 AK-TS-NI-PB-IMI-TM-AP-AUG-CIP-C-OFX 1 0.611 
 NA-ATH-TS-NI-PB-IMI-TM-AP-C-OFX 1 0.556     
11 AK-K-GM-ATH-MEM-CTX-TS-NI-PB-TM-C 1 0.611     
NOA- Number of antibiotics, F: Frequency, Ak = Amikacin, NA = Nalidixic Acid, K = Kanamycin, GM = Gentamicin, ATH = 
Azithromycin, MEM = Meropenem, CTX = Cefotaxime, CXM = Cefuroxime, TS = Trimethoprim-Sulfamethoxazole, NI = 
Nitrofurantoin, PB = Polymyxin B, IMI = Imipenem, TM = Trimethroprim , AP = Ampicillin, AUG =  Amoxicillin Clavulanic Acid, 
CIP = ciprofloxacin, C = Chloramphenicol, OFX = Ofloxacin . 
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Table 4.11  Profiles of multiple antibiotic resistance phenotypes (MARPs) of  Vibrio pathogens from Great Fish  River continues 
Halesowen FM (Point Three) Daggaboer FS    (Point Four) 
NOA Resistance Pattern F MARI NOA Resistance Pattern F MARI 
3 NI-PB-IMI 2 0.167 3 NI-PB-IMI 1 0.167 
4 NA-CXM-NI-PB 2 0.222 4 NA-NI-PB-TM 1 0.222 
5 ATH-CTX-PB-AP-AUG 1 0.278  AK-NA-PB-TM 1 0.222 
 CTX-NI-PB-AUG-CIP 2 0.278 5 NA-CTX-NI-PB-TM 1 0.278 
 NA-CTX-NI-PB-CIP 1 0.278  CTX-CXM-NI-PB-C 2 0.278 
6 AK-ATH-CTX-PB-AP-AUG 1 0.333 6 AK-K-ATH-NI-PB-IMI 1 0.333 
 AK-NA-CTX-NI-PB-AUG 1 0.333  AK-MEM-CTX-NI-PB-IMI 1 0.333 
 K-NI-PB-IMI-AP-AUG 1 0.333  AK-MEM-NI-PB-TM-C 1 0.333 
 MEM-NI-PB-IMI-AP-AUG 1 0.333  AK-NA-K-PB-TM-C 1 0.333 
 NA-CTX-CXM-NI-PB-C 1 0.333  ATH-MEM-NI-PB-IMI-AUG 1 0.333 
7 AK-K-CTX-PB-IMI-TM-CIP 2 0.389  K-NI-PB-IMI-AP-AUG 1 0.333 
 NA-TS-NI-PB-IMI-TM-AP 1 0.389  MEM-TS-NI-PB-IMI-TM 1 0.333 
 GM-MEM-NI-PB-IMI-AP-AUG 1 0.389 7 AK-K-CTX-PB-IMI-AP-AUG 3 0.389 
8 AK-K-MEM-NI-PB-IMI-AP-AUG 1 0.444  AK-K-GM-CTX-NI-PB-IMI 1 0.389 
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 AK-NA-K-CTX-NI-PB-TM-AP 2 0.444  GM-MEM-NI-PB-IMI-AP-AUG 1 0.389 
 K-MEM-CTX-NI-PB-IMI-AP-AUG 2 0.444  GM-TS-NI-PB-TM-AP-AUG 1 0.389 
9 K-GM-MEM-CTX-NI-PB-IMI-AP-AUG 1 0.500  NA-TS-NI-PB-IMI-TM-AP 1 0.389 
 AK-K-GM-MEM-CTX-NI-PB-IMI-AUG 1 0.500 8 AK-K-GM-MEM-NI-PB-IMI-AUG 2 0.444 
10 KA-ATH-MEM-CTX-NI-PB-IMI-TM-AUG-C 2 0.556  GM-TS-NI-PB-IMI-AP-AUG-CIP 1 0.444 
 NA-ATH-TS-NI-PB-IMI-TM-AP-C-OFX 1 0.556 9 CTX-CXM-NI-PB-IMI-TM-AP-AUG-C 1 0.500 
11 NA-K-CTX-CXM-TS-NI-PB-TM-AP-AUG-C 2 0.611  AK-K-GM-MEM-CTX-NI-PB-IMI-AUG 2 0.500 
    10 AK-GM-ATH-MEM-CTX-CXM-NI-PB-IMI-AUG 1 0.556 
     AK-NA-K-ATH-MEM-CTX-TS-NI-PB-TM 1 0.556 
     AK-K-GM-MEM-TM-NI-IMI-TM-AP-AUG 1 0.556 
    11 AK-K-GM-ATH-MEM-CTX-TS-NI-PB-TM-C 1 0.611 
     AK-TS-NI-PB-IMI-TM-AP-AUG-CIP-C-OFX 1 0.611 
NOA- Number of antibiotics, F: Frequency, Ak = Amikacin, NA = Nalidixic Acid, K = Kanamycin, GM = Gentamicin, ATH = 
Azithromycin, MEM = Meropenem, CTX = Cefotaxime, CXM = Cefuroxime, TS = Trimethoprim-Sulfamethoxazole, NI = 
Nitrofurantoin, PB = Polymyxin B, IMI = Imipenem, TM = Trimethroprim , AP = Ampicillin, AUG =  Amoxicillin Clavulanic Acid, 
CIP = ciprofloxacin, C = Chloramphenicol, OFX = Ofloxacin . 
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Table 4.12  Profiles of multiple antibiotic resistance phenotypes (MARPs) of Vibrio pathogens from WW- ADE and WW-CR WWTPs  
upstream 
 
WW- ADE WWTP Upstream  WW- CR WWTP Upstream 
NOA Resistance Pattern F MARI NOA Resistance Pattern F MARI 
3 NI-PB-AP 1 0.167 3 NA-NI-PB 1 0.167 
 NA-PB-TM 1 0.167  K-NI-PB 1 0.167 
4 NA-ATH-TM-AP 1 0.222 5 NA-CTX-TS-NI-PB 1 0.278 
 MEM-NI-PB-AP 1 0.222  NA-CTX-CXM-PB-IMI 1 0.278 
 NA-CXM-NI-PB 1 0.222  NA-ATH-PB-IMI-AP 1 0.278 
5 NA-PB-TM-AP-AUG 1 0.278 6 NA-CTX-CXM-NI-PB-C 1 0.333 
 AK-K-NI-PB-AP 1 0.278  NA-K-ATH-PB-TM 1 0.333 
6 AK-K-TS-NI-PB-AP 1 0.333  AK-K-NI-PB-IMI-AUG 1 0.333 
 MEM-CTX-NI-PB-IMI-AP 1 0.333 7 AK-K-NI-PB-IMI-AP-AUG 1 0.389 
 TS-NI-PB-IMI-TM-AP 1 0.333  CTX-TS-NI-PB-IMI-TM-C 1 0.389 
 CTX-CXM-TS-NI-PB-IMI 1 0.333  NA-TS-NI-PB-IMI-TM-AP 1 0.389 
8 AK-K-GM-MEM-NI-PB-IMI-AUG 1 0.444 8 ATH-CTX-NI-PB-IMI-TM-AUG-C 1 0.444 
9 AK-K-GM-MEM-NI-PB-IMI-AP-AUG 1 0.500  AK-K-MEM-CTX-NI-PB-IMI-AP-AUG 1 0.444 
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12 AK-K-GM-CTX-CXM-NI-PB-TM-AUG-CIP-C-OFX 1 0.667  NA-ATH-CTX-TS-PB-IMI-TM-AP 1 0.444 
    9 AK-NA-K-GM-MEM-CTX-NI-PB-IMI-AUG 1 0.500 
     AK-K-GM-MEM-NI-PB-IMI-AP-AUG 2 0.500 
    10 AK-NA-K-GM-MEM-CTX-NI-PB-IMI-AUG 1 0.556 
    11 NA-K-CTX-CXM-TS-NI-PB-TM-AP-AUG-C 1 0.611 
     AK-KGM-ATH-MEM-CTX-TS-NI-PB-TM-CIP 1 0.611 
 
NOA- Number of antibiotics, F: Frequency, Ak = Amikacin, NA = Nalidixic Acid, K = Kanamycin, GM = Gentamicin, ATH = 
Azithromycin, MEM = Meropenem, CTX = Cefotaxime, CXM = Cefuroxime, TS = Trimethoprim-Sulfamethoxazole, NI = 
Nitrofurantoin, PB = Polymyxin B, IMI = Imipenem, TM = Trimethroprim , AP = Ampicillin, AUG =  Amoxicillin Clavulanic Acid, 
CIP = ciprofloxacin, C = Chloramphenicol, OFX = Ofloxacin . 
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Table 4.13  Profiles of multiple antibiotic resistance phenotypes (MARPs) of  Vibrio pathogens from WW- ADE and  WW-CR 
WWTPs effluent   
WW- ADE WWTP Effluent WW- CR WWTP Effluent  
NOA Resistance Pattern F MARI NOA Resistance Pattern F MARI 
3 AK-NA-PB 1 0.167 3 K,NI,PB 1 0.167 
 ATH-MEM-AP 1 0.167 5 NA,CTX,CXM,PB,IMI 1 0.278 
 NA-PB-TM 1 0.167  NA,K,ATH,PB,TM 1 0.278 
 NI-PB-AP 1 0.167  ATH,CTX,PB,AP,AUG 1 0.278 
 NI-PB-IMI 1 0.167 6 K,GM,CTX,NI,PB,IMI 1 0.333 
4 NA-ATH-TM-AP 1 0.222  AK,K,NI,PB,IMI,AUG 1 0.333 
 MEM-NI-PB-AP 1 0.222  TS,NI,PB,IMI,TM,C 1 0.333 
5 AK-K-NI-PB-AP 1 0.278  GM,TS,NI,,IMI,,TM,AP 1 0.333 
 K-MEM-NI-PB-AP 1 0.278 7 NA,MEM,CTX,TS,NI,PB,CIP 1 0.389 
 NA-CTX-TM-AP-AUG 1 0.278  AK,NA,ATH,CTX,PB,IMI,CIP 1 0.389 
 NA-PB-TM-AP-AUG 1 0.278 8 K,MEM,CTX,NI,PB,IMI,AP,AUG 1 0.444 
 NI-PB-IMI-AP-AUG 1 0.278  NA,ATH,CTX,TS,PB,IMI,TM,AP 1 0.444 
6 MEM-CTX-NI-PB-IMI-AP 1 0.333  AK,K,MEM,CTX,PB,IMI,AP,AUG 1 0.444 
 NA-ATH-TS-TM-AP-AUG 1 0.333 9 AK,K,GM,CTX,NI,PB,IMI,AP,AUG 1 0.500 
 AK-K-TS-NI-PB-AP 1 0.333  AK,K,GM,MEM,NI,PB,IMI,AP,AUG 2 0.500 
 ATH,NI,PB,IMI,AP,AUG 1 0.333  AK,K,MEM,CTX,NI,PB,IMI,AP,AUG 1 0.500 
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8 AK-K-GM-MEM-NI-PB-IMI-AUG 1 0.444  GM,ATH,MEM,CTX,CXM,NI,PB,IMI,AP 1 0.500 
 AK-K-MEM-NI-PB-IMI-AP-AUG 1 0.444  K,GM,CTX,CXM,NI,PB,IMI,AUG,OFX 1 0.500 
9 AK-K-GM-MEM-NI-PB-IMI-AP-AUG 2 0.500  NA,K,CTX,TS,NI,TM,AP,AUG,C 1 0.500 
 MEM-CTX-TS-NI-PB-TM-AUG-C-OFX 1 0.500 10 GM,ATH,MEM,TS,NI,PB,TM,AP,AUG,C 1 0.556 
12 AK-K-GM-CTX-CXM-NI-PB-TM-AUG-CIP-C-OFX 1 0.667  NA,GM,ATH,CTX,TS,NI,PB,TM,CIP,C 1 0.556 
    11 AK-K-GM-ATH-MEM-CTX-TS-NI-PB-TM-CIP 1 0.611 
     NA-K-ATH-CTX-CXM-TS-NI-TM-AP-AUG-C 1 0.611 
NOA- Number of antibiotics, F: Frequency, Ak = Amikacin, NA = Nalidixic Acid, K = Kanamycin, GM = Gentamicin, ATH = 
Azithromycin, MEM = Meropenem, CTX = Cefotaxime, CXM = Cefuroxime, TS = Trimethoprim-Sulfamethoxazole, NI = 
Nitrofurantoin, PB = Polymyxin B, IMI = Imipenem, TM = Trimethroprim , AP = Ampicillin, AUG =  Amoxicillin Clavulanic Acid, 
CIP = ciprofloxacin, C = Chloramphenicol, OFX = Ofloxacin . 
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Table 4.14  Profiles of multiple antibiotic resistance phenotypes (MARPs) of  Vibrio pathogens from WW- ADE and  WW-CR 
WWTPs downstream   
WW- ADE WWTP Downstream WW- CR WWTP Effluent 
NOA Resistance Pattern F MARI NOA Resistance Pattern F MARI 
3 AK-NA-PB 1 0.167 3 NA,NI,PB 1 0.167 
 ATH-MEM-AP 1 0.167  TS,PB,TM 1 0.167 
 CTX-NI-PB 2 0.167  K,NI,PB 2 0.167 
 NI,PB-IMI 1 0.167 4 ATH,PB,AP,AUG 1 0.222 
4 NA-CXM-NI-PB 1 0.222 5 ATH,PB,IMI,TM,AUG 1 0.278 
5 NI-PB-IMI-AP-AUG 1 0.278  NA,ATH,PB,IMI,AP 1 0.278 
 NA-CTX-TM-AP-AUG 1 0.278  NA,CTX,CXM,PB,IMI 2 0.278 
 K-MEM-NI-PB-AP 1 0.278  NA,CTX,TS,NI,PB 1 0.278 
6 TS-NI-PB-IMI-TM-AP 1 0.333 6 NA,CTX,CXM,NI,PB,C 1 0.333 
 CTX-CXM-TS-NI-PB-IMI 1 0.333  AK,MEM,NI,PB,IMI,AUG 1 0.333 
 ATH-NI-PB-IMI-AP-AUG 1 0.333  TS,NI,PB,IMI,TM,C 1 0.333 
 NA-ATH-TS-TM-AP,-AUG 1 0.333  K,GM,CTX,NI,PB,IMI 1 0.333 
8 AK-K-MEM-NI-PB=IMI-AP-AUG 1 0.444 7 CTX,TS,NI,PB,IMI,TM,C 1 0.389 
9 MEM-CTX-TS-NI-PB-TM-AUG-C-OFX 1 0.500  NA,TS,NI,PB,IMI,TM,AP 1 0.389 
 AK-K-GM-MEM-NI-PB-IMI-AP-AUG 1 0.500 8 ATH,CTX,NI,PB,IMI,TM,AUG,C 1 0.444 
     NA,K,ATH,CTX,TM,AP,AUG,C 1 0.444 
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     K,MEM,CTX,NI,PB,IMI,AP,AUG 1 0.444 
    9 AK,K,GM,CTX,NI,PB,IMI,AP,AUG 1 0.500 
     AK,K,GM,MEM,NI,PB,IMI,AP,AUG 1 0.500 
     AK,NA,ATH,CTX,TS,NI,PB,TM,CIP 1 0.500 
     GM,ATH,MEM,CTX,CXM,NI,PB,IMI,AP 1 0.500 
     NA,K,CXM,TS,NI,TM,AP,AUG,C 1 0.500 
    10 AK,NA,K,GM,MEM,CTX,NI,PB,IMI,AUG 1 0.556 
    11 NA,K,CTX,CXM,TS,NI,PB,TM,AP,AUG,C 2 0.611 
NOA- Number of antibiotics, F: Frequency, Ak = Amikacin, NA = Nalidixic Acid, K = Kanamycin, GM = Gentamicin, ATH = 
Azithromycin, MEM = Meropenem, CTX = Cefotaxime, CXM = Cefuroxime, TS = Trimethoprim-Sulfamethoxazole, NI = 
Nitrofurantoin, PB = Polymyxin B, IMI = Imipenem, TM = Trimethroprim, AP = Ampicillin, AUG = Amoxicillin Clavulanic Acid, 
CIP = ciprofloxacin, C = Chloramphenicol, OFX = Ofloxacin . 
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CHAPTER FIVE 
5.1 DISCUSSION 
This study assessed of the physicochemical qualities, vibriology and antibiogram profiles of the 
treated final effluents of (WW-AD and WW-CR) WWTPs and (Great Fish and Tsomo) rivers in 
the Chris Hani District Municipality, Eastern Cape Province, South Africa.  
Water temperature is a parameter influencing the rate of metabolic and biological activities of 
aquatic microorganisms (Galic and Forbes, 2017). The average temperature obtained in this study 
ranged from 12.7 to 23.2 oC and 13.3 to 24.1 oC for the rivers and WWTPs effluents respectively. 
However, the surface water temperature falls below the 25 °C stipulated limit of the South African 
Water Quality Guidelines for Domestic Use (DWAF, 1996). Considering the guidelines, the 
temperature of the effluents does not appear to pose any threat to the homeostatic balance of the 
water bodies, and similar to the report of Jaji et al. (2007). Temperature is a significant factor in 
ascertaining water quality and can directly influence the growth and survival of aquatic 
microorganisms (Tiakor, 2015). Besides it impacts several other parameters and is capable of 
altering the physical and chemical properties of water (Wilde, 2006) as well as its biology as 
corroborated by Baker-Austin et al. (2016) who observed Vibrio species abundance in rising water 
temperature in surface water. Similarly, Igbinosa (2010) reported a positive correlation between 
temperature and Vibrio abundance in WWTPs effluents. 
The pH evaluates the intensity of acidity and alkalinity of water (Boyd et al., 2011). The South 
Africa guidelines for pH ranges from 5.5 to 9.5 for general limit and 5.5 to 7.5 for special limit 
(DWAF, 2013). In this study, pH values for both WWTPs and rivers fall within the limits. Overall, 
the slightly basic pH observed in almost all sampling points is consistent with similar studies 
(Osode, 2007; Edimeh et al., 2011). Fluctuations in pH do arise from agricultural run-off, acidic 
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mine drainage and emissions from fossil fuel for example carbon dioxide that results in weak acid 
when dissolved in river water (Dinesen, 2018). 
Electrical conductivities (ECs) reflect the total amount of dissolved ions in water, which is related 
to the geological make-up of the catchment area (EPA, 2012). The entire ECs obtained in both 
rivers ranged from 298.33 to 377.69 μs/cm and fall within the WHO maximum permissible limits 
(600 μs/cm) for drinking water. The observed low conductivities in both rivers suggest the 
presence of low volume of dissolved inorganic salts in the waters (Murhekar et al., 2011). The 
electrical conductivities of the treated effluent generally vary from 525.73 to 1071.89 μs/cm during 
the sampling regime. Higher ECs were observed in upstream and downstream of WW-AD WWTP 
in autumn, winter and summer, indicating the possibility of non-point pollution in the receiving 
waterbodies besides the effluents discharged. The South African guidelines for ECs of final 
effluents meant for discharge to receiving watersheds is 250 μs/cm (Government Gazette, 1984). 
With regard to this the effluent quality is not in compliance. The high ECs recorded at both 
WWTPs effluents can be attributed to inadequacy of the treatment processes in line with the 
suggestions of Osode (2010) and Igbinosa (2010) where EC exceeds the recommended limit. 
The presence of total dissolved solids (TDS) in water is an indication of pollution which represents 
the total concentration of dissolved substances in water. TDS consist of inorganic salts and small 
amount of organic matter (Health Canada, 2011). The Department of Water Affairs and Forestry 
did not set guidelines for TDS of effluents meant for discharge into receiving watersheds except 
for water meant for domestic uses. The observed TDS of all the water samples were within the 
South African water systems applied in domestic uses permissible limit (0 – 450 mg/l), with the 
exception of WW-AD WWTP effluent during winter which exceeds the stipulated limits (DWAF, 
1996). Although high TDS concentration may not necessarily indicate that the water is dangerous 
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to human health, however it does question the aesthetic standards of such water (EPA, 2013). The 
high level concentration of TDS of the effluents of WW-AD WWTP may be attributable to the 
poor operational practices within the wastewater treatment facility.  In addition, agricultural and 
urban runoff with excess minerals and salt used to de-ice roads downstream of the river, might 
have also contributed to the increase in TDS. The findings of this study agree with Odjadjare et al. 
(2012), whose the TDS fell within the stipulated guidelines. The influence of seasonal variation on 
TDS in treated effluent in the Eastern Cape was previously reported ( Osode, 2010; Odjadjare and 
Okoh, 2010). These TDS concentrations arguably alter the ecosystem of the receiving waterbodies. 
High TDS suggests the presence of high levels of harmful contaminants such as iron, manganese, 
sulfate, bromide and arsenic in the water (Water Research Center, 2014). High concentrations of 
TDS can be toxic to freshwater animals thereby resulting to osmotic stress and affecting the 
osmoregulatory fitness of the organisms (Water Research Center, 2014). 
Salinity relates to the total concentrations of dissolved salts in water, and as such it is regarded a 
strong contributor to conductivity (Wetzel, 2001). There is no provision for salinity level for 
freshwater and effluents in the South African guidelines for water quality. In this study the salinity 
concentration was relatively constant throughout the sampling regime. Some of the side effects of 
excess salt on freshwater resources include low agricultural yield, reduction in biodiversity and an 
increase in the prevalence of more salt tolerant species (EPA South Australia, 2018). 
Turbidity reflects light-scattering ability of water and is indicative of the concentration of 
suspended matter in water (Verma et al., 2012). The turbidity results obtained in this study were 
not within the South African acceptable limit 0-1 NTU and exceeded the WHO acceptable limit of 
≤ 5 NTU of no risk for domestic water uses (DWAF, 1996; WHO, 2004). The relatively higher 
turbidity values across all seasons could be attributable to effluent discharge, surface runoff and 
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erosion occasioned by rainfall, carrying soil and silt into the water system, as observed in the 
studied sites. High turbidity could affect the effectiveness of chlorination as a means of 
disinfection (Obi et al., 2007). This could enhance the formation of trihalomethane (THM) 
precursor (Fatoki et al., 2003), a known carcinogenic compound formed as a by-product of 
chlorine and organic matter reaction in water systems. Furthermore, light penetration is also highly 
affected by turbidity and this strongly influence the prevalence of pathogens. Thus the occurrence 
of higher counts of indicator bacteria in water sample could be linked to the higher turbidity levels 
(Momba and Kaleni, 2002; EPA, 2009).  
Total suspended solids (TSS) are particles that are larger than 2 microns found in the water column 
and these include inorganic materials, bacteria and algae (EPA, 2012). The observed TSS values in 
this study falls short of  the water quality limit of  ≤ 25 mg/l for treated effluent and 100 mg/l  for 
aquatic ecosystem of South African guidelines (DWAF, 2013), except for WW-AD WWTP 
(autumn) and Great Fish river (spring). The high TSS values observed can be associated with 
organic particles from decomposing materials, chemical precipitates, the removal of riparian 
vegetation, over-grazing and non-contour ploughing that leads to erosion, which tends to increase 
suspended solids loading to rivers especially after heavy rainfall (Murphy, 2007). These 
developments often impair the aesthetics of the water body and impairing foraging activities of 
fish and the efficiency of filter feeding organisms (Bilotta and Brazier, 2008). 
Dissolved oxygen (DO) is the amount of oxygen present in a dissolved form in water (Wetzel, 
2001). The DO concentration in this study fell within the water quality limit ≥5 mg/l of no risk for 
both rivers, whereas the treated effluents exceed the permissive limit. Quantifying the level of 
dissolved oxygen in freshwater remains important in water quality studies. DO concentrations in 
unpolluted surface water normally range between 8 and 10 mg/l and concentrations below 5 mg/l 
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adversely affect aquatic life (Rao, 2005). However, the observed low DO indicates that the treated 
effluents are discharging oxygen depleting substances, such as easily oxidized organic matter into 
the receiving watersheds (DWAF, 1996). The breakdown of organic compounds reduces dissolved 
oxygen concentrations in rivers which have a negative impact on aquatic organisms (Verma et al., 
2008). This finding strongly agrees with the reports Huang et al. (2017).  
Biochemical oxygen demand (BOD) is the measure of the quantity of dissolved oxygen used by 
microorganisms in oxidation of organic matter in water under aerobic conditions at a given 
temperature. The BOD of the water samples under study fell within the recommended BOD value 
of 3 to 6 mg/l set for the protection of fish life by the European Union (CEC, 1991). Besides EU 
standard for urban wastewater which requires a 70 to 90% (2.5 to 7.5 mg/l) reduction at a 
concentration of 25 O2 mg/l was used as the set limit (Frost, 2009). There was high consumption 
of oxygen relative to the initial values of dissolved oxygen observed for the two treatment plants, 
an observation in agreement with Momba et al. (2009) who also had  high BOD values at WWTPs 
studied. This observation suggest that the discharged effluent was of acceptable quality with 
respect to biological oxygen demand and may not significantly offset the homeostatic balance of 
the receiving ecosystems; neither will it adversely affect the use of the receiving watershed for 
domestic purposes.  
Free chlorine refers to all chlorine present in the water. The stipulated guideline for residual free 
chlorine is 0.25 mg/l for the general limit and a special limit of 0 mg/l for effluent discharge. In 
this study free chlorine obtained in WW-AD WWTP, exceeds the regulatory standard (spring and 
autumn), but falls below the regulatory limit in winter and no free chlorine was detected in 
summer. Throughout the sampling regime no free chlorine was detected in WW-CR WWTP in 
spring and the measured free chlorine was far below the regulatory standard. The event of chlorine 
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overdose observed in WW-AD WWTP has also been reported by Momba et al. (2009). Excess 
chlorination could be as a result of poor operation practices. Chlorine is known to react with 
different substances such as inorganic and organics compounds, thereby increasing the demand of 
chlorine for disinfection. The reports of non-compliance with respect to turbidity in this study can 
inhibit chlorine disinfection process. High residual chlorine concentrations with high levels of 
turbidity were found ineffective against pathogens isolated in the final effluent (Igbinosa, 2010; 
Odjadjare et al., 2012). The discharge of inadequately treated effluents from the two WWTPs 
might expose the receiving waterbodies and end users to undesirable chemicals constituents and 
pathogens that pose environmental and health risks (Akpor, 2011). The correlation analysis 
revealed the existence of strong dependency between Vibrio density and electrical conductivity, 
total dissolved solid, salinity, turbidity, total suspended solid, free chlorine and temperature (P < 
0.01) respectively. This finding coincides with other studies where seasonality and high 
temperature promote the growth of these bacteria (Sudhanandh et al., 2010). Additionally, a 
positive correlation between Vibrio species and salinity has been well documented (Huq et al., 
2005). Recently, Caburlotto et al. (2012) found that temperature and salinity had a great influence 
on Vibrio density, reporting a greater salinity range (23.7–35 PSU) than those found in this study. 
The influence of total dissolved solid has been previously reported for the total Vibrio density 
(Hasan et al., 2011). Our findings also corroborate the report of Locascio de Mitrovich et al. (2010) 
whose investigations showed relationship between Vibrio species density and electrical 
conductivity. pH, dissolved oxygen and biological oxygen demand showed negative correlation 
with Vibrio density in this study. This result disagrees with the findings of Noriega-Orozco et al. 
(2007), that dissolved oxygen is generally associated with the bacterial abundance in freshwater 
resources. 
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Globally, water-borne pathogen contamination and related diseases are a major water quality 
challenges. Among the pathogens distributed in water resources, diarrhoea causing pathogens such 
as Vibrio species are the most frequently encountered (Pandey et al., 2014). In the present 
investigation the microbial loads from the rivers and WWTPs were compared and interpreted 
using the guidelines for faecal coliforms standard (0 cfu/100 ml) for domestic water usage. 
Coliforms are a broad class of bacteria found in our environment, including the feaces of man and 
other warm-blooded animals. The presence of coliform bacteria in drinking water may indicate a 
possible presence of pathogens, with associated symptoms such as gastroenteritis, acute diarrhoeal, 
nausea, vomiting and septicemia (Pandey et al., 2012).  The microbial load obtained in this study 
compared with the standard falls short of the stipulated acceptable guidelines of domestic use. The 
high load of Vibrio species in the treated effluent during this study is an indication of the 
inefficiency of the wastewater treatment plant at removing the pathogen prior to discharge into the 
receiving watershed. Vibrio load in this study were similar to the report of Ye and Zhang, (2013) 
in Hong Kong, where high prevalence of Vibrio were obtained in the effluent of the studied 
treatment plant. Sathiyamurthy et al.  (2013) and Wani et al. (2013) found that a treated effluent 
with relatively high physicochemical level provided an enabling environment for growth of faecal 
coliform. Our findings also corroborates the report of Nongogo and Okoh (2014) and Okoh et al. 
(2015) whose investigations  detected  Vibrio species of medical importance in treated effluent 
analyzed. The ability of Vibrio cholerae to persist in an aquatic environment under limiting 
conditions is attributed to the RNA polymerase sigma factor (rpoS sigma) which aids survival 
during starvation and stressed periods (Yildiz and Schoolnik, 1998). Presumptive Vibrio species 
were persistently isolated from WW-AD plants, where free chlorine above the recommended limit 
was observed for some seasons during the sampling period. The enhanced ability to survive 
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chlorination by some Vibrio strains can be linked to a shift to a phenotype having a rugose colony 
morphology associated with the excretion of slime that can easily respond and adapt to starvation 
(Sousa et al., 2001). Further factors such as contact time, temperature and pH may aid the survival 
of Vibrio species if disinfectant applied is not efficient (Odjadjare, 2010) due to the presence of 
organic compounds and ammonia in the effluent (Shang et al., 2005). It is therefore important that 
the effluents should be of a high quality for the maximum effect of disinfectant (Sibanda et al., 
2013). The Green Drop is an effort to ensure that WWTPs progressively improve their operations 
so as not to impact negatively on the water bodies into which they discharge their effluents 
(Wilken, 2016). The present Green Drop status of WW-AD and WW-CR WWTPs was awarded a 
high and critical risk respectively in 2014 (DWAF, 2014). The outcome of this current study on the 
WWTPs further affirms the Green Drop status which showed they are both high risk plant with 
potential dangers to the surrounding environments. Hence, the need for urgent attention in 
ensuring total compliance of the treatment plant procedures. The results observed from the rivers 
show that they are of poor microbiological quality and serves as a public health threat to the 
aquatic ecosystem and end users.  These clearly indicate that the river waters were contaminated 
by domestic sewage, human and animal excreta, which are unfit for consumption and also render 
the waters unsuitable for domestic use. The occurrence of Vibrio species in rivers has been 
attributed to some major factors stated by Abia et al. (2017) that inflow of domestic and industrial 
wastes, anthropogenic activities, discharges from sewage treatment plants and runoff from 
informal settlements are responsible for microbiological quality of surface water. 
Molecular confirmation of the presumptive Vibrio species revealed 424 positive for the Vibrio 
genus. Of these, 21.69%, 11.79%, 8.25% and 2.12% were confirmed to be V. cholerae, V. 
mimicus, V. parahaemolyticus and V. fluvialis respectively. The prevalence of the following 
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clinically important Vibrio species V.cholerae, V. mimicus, V. parahaemolyticus and V. fluvialis in 
rivers and WWTPs suggests that these waters are significant reservoirs of Vibrio species. This 
becomes a health risk and a possibility of contracting cholera and other Vibrio infections, 
considering the relatively high dependence on the river waters by the populace. It is of great public 
concern considering that an estimated 77 % of South Africans depend on surface waters for their 
domestic water needs (Luyt et al., 2012). Thus posing a major public health threat on rural 
dwellers of Eastern Cape, Province where almost 36 % of the population still source water directly 
from the rivers (ECSECC, 2011). Of noteworthy is the detection of V. cholerae in Tsomo and 
Great Fish river, a freshwater reservoir that serves as sources of irrigation and drinking water for 
several districts in Chris Hani District Municipality. In November 2015, the Health 24 News 
reported that thirteen adults together with two four kids were treated for gastroenteritis at Cradock 
hospital due to alleged contaminated water. It was further reported that wastewater treatment plant 
in Cradock was working far less than 50% of its full capacity, with raw sewage being frequently 
spilled into the Great Fish River (Ismail, 2015). Gastroenteritis causing Vibrio pathogens were 
recovered from the Great Fish River in the current study and the prevalence of this pathogen in the 
aquatic milieu of Cradock has been linked to the incidence that took place in the WWTP. 
Perpetually changing environmental factors such as increasing surface water temperatures and 
salinity can significantly elevate the risk of infections related to potentially human pathogenic 
Vibrio species (Kokashvili et al., 2015). The occurrences of Vibrio pathogens suggest that the 
environmental state in freshwater resources are supportive for their growth and may support the 
notable medically relevant Vibrio species possibly (Lutz et al., 2013). This finding is implicated in 
(i) the likelihood of acquiring infections caused by these pathogens might increase as the 
abundance of Vibrio pathogens located in a single niche increases and (ii) such coexistence 
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increases the prospects for interspecies interactions and possible exchanges of genetic material 
such as virulence genes (Reuter et al., 2016).  
The emergence of antimicrobial resistance (AMR) has led to heightened global concern due to the 
reduced efficacy of conventionally employed antibiotics in the treatment of bacterial infections 
(Cantón and Morosini, 2011; Rolain et al., 2012). Gram-negative pathogens such as V. cholerae 
and V. fluvialis have shown increased resistance to a variety of antibiotics typically used in the 
treatment of infections and diseases caused by these bacteria (Davies and Davies, 2010). Results of 
antibiotic sensitivity test revealed high sensitivities against Ofloxacin (85.54 %), Cefuroxime 
(81.93%) and Ciprofloxacin (74.70%) whereas resistance against other antibiotics follow the order 
of Imipenem (42.17%), Amoxicillin-Clavulanic Acid (54.17%), Ampicillin (63.54%), 
Nitrofurantoin (71.79%) and Polymyxin B (97.44%). The antibiotic sensitivity patterns of the 
confirmed Vibrio isolates obtained in this research reveals that a larger percentage of the Vibrio 
species were resistant to one or more of the antimicrobial agents tested. Antibiotic resistance in 
Vibrio species has been reported by previous studies  (Okoh and Igbinosa, 2010; Mandal et al., 
2012; Raissy et al., 2012;Yu et al., 2012; Scarano et al., 2014; Baron et al., 2016). High 
sensitivities were detected against Cefuroxime, Ciprofloxacin, and Ofloxacin. A high rate of 
resistance was observed against Amoxicillin-Clavulanic Acid, Ampicillin, Imipenem, Ampicillin, 
and Polymyxin B. In a similar study, Okoh and Igbinosa (2010) reported resistance to these 
antibiotics except for Nitrofurantoin which was not included in their study. In contrast to the 
findings of this study, Baron et al. (2016) reported high susceptibility of Vibrio species to 
Amoxicillin-Clavulanic Acid, Ampicillin, Imipenem, Ampicillin, amikacin and gentamicin but 
with low resistance to trimethoprim-sulfamethoxazole. Similar results have been reported 
elsewhere by Baron et al. (2016). The high susceptibility of Vibrio species to ciprofloxacin was 
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reported by Khan et al. (2015) and Shaw et al. (2014), while Noorlis et al. (2011) reported low 
resistance to the antibiotic which was in agreement with this study. Interestingly, the relative high 
resistance of Vibrio species against Carbapenems (Meropenem and Imipenem) as compared to 
other studies. In a recent study Hammerl et al. (2017) reported the incidence of four nontoxigenic 
Carbapenem resistant V. cholerae from coastal water of Germany. Considering carbapenems as a 
broad class of antibiotics used in the treatment of severe infections with multidrug-resistant 
bacteria in humans, the emergence of resistant bacteria recovered from environments near human 
activities is a major public health concern (EFZA, 2013). The high rate of resistance in this study 
can be attributed to the ideal settings provided for the acquisition and dissemination of antibiotic 
resistance in aquatic environments, in the following ways (i) they are prone to anthropogenic 
activities (Marti et al., 2014); (ii) they contain Autochthonous bacterial flora that may harbor 
resistance associated genes; (iii) they bring bacteria from different origins (human, livestock, 
poultry sewage discharge) in contact with each other;  and (iv) they can contain antimicrobials or 
biocides which may select for resistant bacteria. Wastewater constitutes a hotspot for the 
emergence of antimicrobial resistance, particularly for V. cholerae, which possesses both intestinal 
and aquatic lifecycle (intestinal and aquatic); (Schoolnik and Yildiz, 2000; Rizzo et al., 2013). The 
findings further revealed multiple antibiotic resistance phenotypes (MARP) of the isolates were 
resistance resistant to two or more test antibiotics whereas the calculated multiple antibiotic 
resistance index (MARI) ranged from 0.2 to 0.7. The high prevalence of MARP in Vibrio species 
may be related with the frequent use of these drugs to treat Vibrio species infections in the studied 
area. In general, the MAR indices in all the river water and WWTPs samples in this study were 
found to be higher than the 0.2 threshold value, revealing indiscriminate and excessive usage to 
antibiotics in humans, aquaculture, poultry and livestock which may pose high ecological risk to 
 
 
110 
 
the waters. The MARI value is a tool used in the analysis of health risk and associated with the 
spread of bacterial resistance in a given population where there is resistance to more than three 
antibiotics (Christopher et al., 2013). Therefore, continued monitoring for pathogens prevalence 
and the antimicrobial susceptibility profiles is important to better ensure environmental safety; 
more-so in the light of strange and relatively high resistances to Meropenem and Imipenem 
observed amongst the Vibrio species which limit treatment effectiveness and should be prioritized. 
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5.2 Conclusion  
This study was designed to ascertain the qualities of the Great Fish and Tsomo rivers and effluent 
from WWTPs (WW-AD and WW-CR) in the Eastern Cape Province, South Africa and the impact 
of the treated effluent on the receiving waterbodies as well as the suitability of the freshwater for 
domestic, agriculture and aquaculture purposes. 
The physicochemical and bacteriological qualities of the two rivers were found above acceptable 
standard limit of drinking water and in turn make the water unfit for human consumption. 
Moreover, this study revealed the prevalence of Vibrio pathogen in the treated effluent and the 
receiving water bodies throughout the sampling regime. The quality of the treated effluents from 
the two WWTPs fell short of permissible limit for microbial quality for application in agriculture 
and aquaculture, which can be attributed to the impacts of some high physicochemical parameters 
such as (BOD, DO and Turbidity) observed in the treated effluent. These findings therefore 
suggest that the effluent negatively impacts the receiving water bodies which could pose a 
significant health and environmental risk on the biota including the communities that rely on the 
receiving watershed for domestic purposes.  
The recovered Vibrio pathogens were found to survive chlorination even above recommended 
limit, thereby consequently posing a potential health risk to the communities which rely on the 
watershed for domestic and recreational purposes. Detection of the four clinically important Vibrio 
pathogens (V. cholerae, V. parahaemolyticus, V. mimicus and V. fluvialis), in both the river waters 
and treated effluents, capable of causing mild to severe  infection indicates a potential public 
health threat and possible presence of other enteric pathogens. The high frequency of multiple 
antibiotic resistant isolate detected in this study is an indication of indiscriminate and imprudent 
use of antibiotics leading to increasing drug resistance shown by the recovered isolates. A better 
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understanding of the prevalence and distribution of Vibrio pathogen in water sources used for 
potable, non-potable or recreation purposes could be an important tool in the development of 
public health risk mitigation strategies. Therefore, regular monitoring of water reservoirs for 
possible microbial pathogens and antibiotic resistant genes is advocated to allow for early response 
by relevant monitoring and public health authorities in order to safeguard public health. 
5.3 Recommendations 
Based on the findings of this study, the following recommendations are suggested 
 The need for a comprehensive monitoring system in rural and urban areas of the Eastern 
Cape Province of South Africa to regulate the prevalence of V. cholerae and other Vibrio 
species levels in treated effluent and freshwater resources. 
 There is need for engaging more qualified personnel and training existing staff in 
wastewater treatment facilities operations pursuant to ensuring efficiency of the wastewater 
treatment processes towards meeting recommended standards. 
 There is also urgent need for constant antibiotic sensitivity monitoring so as to control the 
selection for antibiotic resistance bacteria. 
 The Green Drop initiative should further improve their operational strategy such that will 
enhance healthy competition within wastewater treatment plants and further ensure strict 
compliance 
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